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Abstract With the further advancement of electrification, supercapacitors (SCs)
have garnered numerous attention as promising electrochemical energy storage
(EES) devices, due to their favourable characteristics such as, high energy density,
ultrahigh power density and long cycling stability. To fully exploit their potential
as a platform for efficient energy storage devices, it is critical to gain a more in-
depth understanding of the relationship between electrochemical performance and
materials. Mesoporous carbon has arouse considerable interests as potential material
for energy-related applications results from its large surface area, fast mass/charge
transfer kinetics, and high abundance of active sites. In this chapter, we first provide
a basic understanding of the classification of supercapacitors and the corresponding
working principles. Then, the mainstream synthetic route of mesoporous carbon will
be introduced, including templating and template-free methods. Next, an in-depth
discussion of the representative mesoporous carbon for SCs is provided. Finally,
insights into the major challenges and effective strategies for future developments
are summarized.
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1 Introduction

As energy demands continue to grow, traditional energy sources, such as petroleum,
natural gas and coal, are harder to meet human’s ambition for carbon neutrality and
net-zero emission. Therefore, efficient energy conversion and storage has become a
grand challenge to society.Researchers and enterprises currently focus their efforts on
developing new electrochemical energy storage (EES) devices, including secondary
batteries, fuel cells, and supercapacitors (SCs). Secondary EES devices represented
by Li-ion batteries (LIBs) generally have a high energy density (180 ~ 340 Wh kg-1)
and long durability, which dominates the EES market. However, their low power
density (100 ~ 300W kg−1), high cost ($140 per kWh), limited rawmaterial reserves
and safety issues hindered their further development.

Although traditional capacitors could satisfy the high-power density demands,
their low specific capacitance (≤ 2.7 F g−1) and energy density (0.01 ~ 0.3Wh kg−1)
retards the further deployments. Supercapacitors (SCs) are the devices that possess
ultrahigh power density (5 ~ 30 kW/kg), high energy conversion efficiency and long
cycling durability (>100,000 cycles), which have become one of the most promising
EES devices for high-power applications [4]. The electrochemical performance and
characteristics of SCs sit between batteries and conventional capacitors; therefore,
they have a much higher energy density (28 Wh kg−1) than conventional capacitors.
As illustrated in Fig. 1, it can be used as a starting source for vehicles and a power
balance source for lifting devices. Additionally, it can be used as a source of traction
energy for hybrid cars, internal combustion engines, trackless vehicles, and other
equipment. Up to now, a wide range of materials have been reported as the electrodes

Fig. 1 Applications of supercapacitors
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for SCs, such as carbonmaterials, covalent organic backbones (COFs),metal–organic
backbones (MOFs), conductive polymers, transition metal compounds [20].

Mesoporous carbon materials have been widely investigated and used in many
fields, including adsorption, separation, catalysis and EES applications. Mesoporous
carbon materials are distinguished from conventional carbon materials by their
controlled and superior properties in terms of synthetic routes, tunable pore structures
and surface area. Compared to macroporous (> 50 nm) and microporous (<2 nm)
carbon, the mesoporous (2 ~ 50 nm) carbon possess a more suitable pore size for
application in SCs: the macroporous carbon can not provide a high specific surface
area; while the micropores are hard for electrolyte penetration and diffusion. Despite
the excellent performance offered by mesoporous carbon in energy-oriented appli-
cations, there are several challenges for their practical application in SCs. Firstly, it
is challenging to achieve mass-production for mesoporous carbon. Secondly, scal-
able synthetic solutions with optimised structural and compositional parameters
remain critical. Until now, very few controlmethods formesoporous carbon synthesis
have been reported, particularly for spherical materials with tunable pore size and
hydrophilicity. Thirdly, modification of the surface of mesoporous carbon remains
challenging.

To provide an informative and inspiring understanding for researchers in themeso-
porous carbon and SC-related fields, this Chapter will provide an informative intro-
duction and discussion covering: (a) the working mechanisms of SCs (Sect. 2); (b)
synthesis route ofmesoporous carbon (Sect. 3); (c) representativemesoporous carbon
electrodes for SCs (Sect. 4); (d) conclusion and perspectives (Sect. 5).

2 Working Principle of SCs

The earliest capacitors date back to the invention of the ‘Leiden’ bottle by Prof.
Pieter VanMusschenbroek at LeidenUniversity in the Netherlands in 1746. A typical
Leiden bottle is a glass container covered inside and outside with conductive metal
foil to act as a pole plate. The bottle’s top end is connected to a circular electrode,
while the bottom end is connected to the inner metal foil or water via a conductor
(usually a metal locking chain). A vintage ‘Layden bottle’ can achieve a high voltage
of 20 ~ 60 kV and a low specific capacitance of ~ 1 nF (per pint of volume).

In 1853, the German physicist Helmholtz proposed a theoretical model of an
interfacial double layer: under the action of a certain voltage, the interface between
the electrode material and the electrolyte solution generates two layers of charges of
the same quantity and opposite charges, thus forming a double layer. In 1957, Becker
fromGeneralMotors prepared a small capacitor with porous carbon electrodes based
on the double layer capacitance theory mentioned above, and named it a “superca-
pacitor”, which was first developed and brought to market by SOHIO in 1969. The
technology was subsequently transferred to NEC Japan and commercialised as an
aqueous high-capacitance capacitor in battery starting systems for electric vehicles.
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Fig. 2 Schematic illustration of a EDLC, b pseudocapacitor, and c Hybrid SC

Since then, SCs have attracted the attention of many countries, and comprehen-
sive research has been carried out. In 1971, Sergio Trasatti and others discovered
the outstanding capacitive properties of RuO2, which led to a boom in the devel-
opment of pseudocapacitors based on metal oxide electrodes. After 1975, Brian E.
Conway carried out RuO2-related research and commercial development attempts.
Since then, pseudocapacitors with RuO2 electrodes have been used in military appli-
cations. A wide range of inexpensive transition metal (hydro)oxides, heteroatom-
doped carbon, conductive polymers, colvalent organic frameworks (COFs) and other
materials have been extensively investigated since the 1990s. As shown in Fig. 2,
SCs consist of cathodes, anodes, electrolytes and separators. SCs could be classi-
fied as three types depending on the charge and energy storage mechanisms: electric
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid SCs.

2.1 EDLCs

Theworking principle of an EDLC is shown in Fig. 2a. Under the action of an electric
field, an equal number of anions and cations in the electrolyte move towards the
cathodes and anodes, respectively; this will create an electric potential difference and
an EDL between the electrode and the electrolyte. After the removal of this electric
field, the layers and voltage can be stabilized due to the anisotropic attraction of the
charges. After connecting EDLC to the external circuit, the charged ions adsorbed on
the two electrodes will move directionally until the electrolyte becomes electrically
neutral again.

The relationship among total capacitor capacitance is CT and capacitance of both
electrodes (C1 and C2) can be expressed by the formula:
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Fig. 3 Schematical diagram of EDL models. a Helmholtz model; b Gouy-Chapman (G-C) model;
c Gouy-Chapman-Stern (G-C-S) model; d modified G-C-S model

1

CT
= 1

C1
+ 1

C2
(1)

Since 1853, numerous theories andmodels have been developed, the most notable
ones include Helmholtz model, Gouy-Chapman (G-C) model, and Gouy-Chapman-
Stern (G-C-S) model. The central concept of the Helmholtz model’s is that opposite
charges are distributed equally on both sides of the interface; additionally, this struc-
ture can be compared to a flat capacitor (Fig. 3a). Thus, Eq. (2) can be used to
determine the unilateral charge density (C·m−3):

C = εrε0

d
A (2)

where C is the capacitance value, εr and ε0 are the vacuum dielectric constant
and the electrolyte dielectric constant, respectively; d is the effective thickness of
the EDL; A is the specific surface area of the electrode material. Then, the capacitor
capacitance (Cd ) can be determined by:

Cd = ∂σ

∂V
= εrε0

d
(3)

It should be noted that Cd is a fixed value in the three formulas; however, Cd

is actually affected by a series of factors, including relative potential, concentration
of electrolyte, etc. Therefore, incorporating a diffuse layer model, The G-C model
(Fig. 3b) was proposed. When the potential difference between two sides of the
interface is large, more ions are compressed near the electrode; however, when the
electrolyte concentration is high, the ions can also achieve charge equilibriumwith the
electrodes in a small space. In the G-Cmodel, Helmholtz model’s effective thickness
(d) is converted into a variable, thereby allowing for a more accurate interpretation
of the trend of Cd . Nevertheless, the Cd prediction in G-C model has several major
shortages: (a) at both ends of the curve,Cd approaches infinity and contradicts actual
tests; (b) could be significantly higher than the measured value; (c) low accuracy
for capacitors with highly charged DLs. These deviations are inevitable since the
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charges in G-C model are regarded as the mass points, which will be infinitely close
to the surface of the electrodes under a large potential difference. Therefore, the
distance between positive and negative charges will approach zero, which lead to a
Cd approaching infinity [23].

Later on, based on G-C models, Otto Stern take ion size into condieration, and
proposed the G-C-S model (Fig. 3c). At the electrode–electrolyte interface, the G-C-
S model predicts two ion distribution regions: Helmholtz layer and Gouy-Chapman
diffusion layer. The entire double-layer (Cdl) can be determined by capacitance
generated in the diffusion layer (Cdi f f ) and stern layer (CH ):

1

Cdl
= 1

CH
+ 1

Cdi f f
(4)

Cdl is always less than CH and Cdi f f , according to Eq. (4). When the potential
difference is small, Cdi f f has a negligible effect on Cdl and has a V-shaped curve
versus potential difference; when the potential difference is large, Cdi f f has a large
value and thus has a negligible effect on Cdl . The value of Cdl approaches CH in this
case. Nevertheless, there are serval drawbacks of the the G-C-S model: (a) the ions
in the electrolyte will be surrounded by solvent ions, forming solvated ions; and (b)
if the adsorption force at the interface exceeds the electrostatic force, even ions with
similar charges will be stable at the interface.

David C. Grahame proposed a modification to the G-C-S model in 1947, arguing
that certain ions or uncharged substances could penetrate the Stern layer. When
approaching the electrode in the modified G-C-S model, the term “specifically
absorbed ions” refers to the ions losing their solvation shell and coming into direct
contact with the electrode. As illustrated in Fig. 3d, the modified model predicted
the presence of three regions: the inner Helmholtz plane (IHP), the outer Helmholtz
plane (OHP), and the diffuse layer. The IHP denotes the distance between specifically
absorbed ions and the OHP denotes the distance between non-specifically absorbed
ions [3]. Despite the increasing precision and sophistication of these theories and
models, the debate and further exploration still exist.

2.2 Pseudocapacitors

The charge and energy storagemechanismof pseudocapacitors relies on the underpo-
tential deposition on the surface or in the bulk phase of electrode materials with elec-
trochemical activity in two or quasi-two dimensions. This results in highly reversible
chemisorption or redox reaction that generates a capacitance related to the electrode
charging potential. The voltage of this electrode system varies linearly with the
amount of charge transferred and exhibits a capacitive characteristic, hence the term
“pseudocapacitor”, as a complementary form of EDLCs. Although they are not elec-
trostatic in nature, they exhibit similar electrochemical properties to EDLC, such as
cyclic voltammetry and charge/discharge curves. In general, pseudocapacitors tend
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to have superior specific capacitance than traditional EDLCs. Nevertheless, with
the occurrence of redox reactions during the cycling, the bulk phase of the active
materials or the electrolyte composition is altered,which deteriorate the electrochem-
ical stability of pseudocapacitors [5, 15, 18]. Take metal oxides as an example, the
charging and discharging reaction process in an aqueous electrolyte is as follows:

When the electrolyte is acidic:

MOx + H+ + e− ↔ MOx−1(OH)

When the electrolyte is alkaline:

MOx + OH− − e− ↔ MOx(OH)

Alternatively, the pseudo-capacitance effect can be increased by adding ions with
redox activities to the electrolyte [6]. Ren et al. reported a pseudocapacitor using a
porous nanoflower polyaniline (PANI) electrode and redox-active electrolyte (1 M
H2SO4 + 0.8 M Fe2+/Fe3+), which demonstrates a high specific capacitance of 1062
F g−1 (2 A g-1) and remarkable capacitance retention of 93% at 5 A g−1 over 10,000
cycles (Ren et al. 2017). There are two redox systems in the as-assembled SC: (a) as
shown in Eqs. (5) and (6), the conjugated double bonds in the PANI networks (Pm ,
m is the polymerization degree); (b) as shown in Eq. (7), the active Fe2+/Fe3+ redox
couples.

Px+
m A−

x + xe− ⇔ Pm + x A− (5)

Py+
m C+

y + ye− ⇔ Pm + yC+ (6)

Fe3+ + e− ⇔ Fe2+ (7)

2.3 Hybrid SCs

The hybrid SCs combine the electrodes with different charge and energy storage
mechanisms (Faradaic, capacitive, and capacitive-Faradaic processes), and increase
the device energy density to 15–30 Wh kg−1. The design of the components deter-
mines whether hybrid SCs are symmetrical or asymmetrical. When two separate
electrodes comprised of different materials are combined in a hybrid supercapacitor,
it exhibits better electrochemical behaviour than single electrodes. The hybrid tech-
nology preserves the level of cycle stability and affordability that has been a limiting
factor in pseudocapacitor. The symmetric hybrid supercapacitor is made up of two
same SC electrodes; while the asymmetric hybrid SC is made up of two different
electrodes.
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3 Synthesis of Representative Mesoporous Carbon

Numerous synthetic methodologies have been proposed, making it possible to
prepare mesoporous carbon with various structures and morphologies. These
methodologies could be classified as two categories: templating and template-free
methods.

3.1 Templating Method

The templating method is the most widely studied methodology to prepare meso-
porous carbon. Generally, the direct carbonisation of precursors is challenging to
formmesoporous carbon with high surface area, which leads to limited electrochem-
ical performance. In the templatingmethods, carbon is deposited on the surface of the
template, thus forming a composite material, which can effectively generate carbon
materials with desired structures and morphologies after removing the templates.
In general, the templating method could be further classified as three types: hard
templating, soft templating and hybrid templating.

3.1.1 Hard-Templating Method

Insoluble Templates

Although many metal/non-metal oxide and salt templates (e.g., Al2O3, ZnO, MgO,
and SiO2) are insoluble in water, they could be removed under specific solutions.
With a high melting point and exceptional thermal/chemical/mechanical stability,
oxide and insoluble salt templates preserve their original structures and morpholo-
gies at elevated temperatures. As a result, the space occupied by the template is
retained following its removal. Simultaneously, the morphology and structure of
the resultant carbon substance are opposed to those of the templates. For instance,
Seo and colleagues synthesised a mesoporous carbon using furfuryl alcohol (FA)
and acidified mesoporous silica impregnated with phosphoric or sulphuric acid as
precursors. This work avoided the formation of undesired carbon by using a weak
acid to catalyze and slow down the FA polymerisation [10].

Soluble Templates

In contrast to insoluble templates, soluble templates can be removed directly with
water, thus avoiding harmful reagents. In addition, soluble templates could be recy-
cled during the synthesis process. De-templated wastewater could be processed to
a suitably concentrated template solution that can be re-involved in the synthesis.
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Lee’s group prepared a mesoporous carbon with uniform pores (~10 nm) by using
a mesoporous aluminosilicate foam template and in situ polymerisation of phenolic
resin. Strong acid catalytic sites for the polymerisation of phenol and formaldehyde
are created by impregnating aluminium into the silicate backbone. Several different
mesoporous aluminium silicate foamswith different cell andwindow sizes have been
synthesised as templates for many other mesoporous carbon foams. For example,
using aluminium silicate foams with 30 nm cells and 14 nm windows as a template,
a mesoporous carbon foam was obtained. The mesoporous carbon foam possess an
even mesopore size of approximately 3.5 nm, which was achieved by removing the
aluminosilicate template [7].

Ice Templating Method

Distinct from other hard templatingmethods, the ice template will be removed before
the carbonisation of the precursors. The ice template indirectly influences the carbon
material structures via altering the structure and composition of the carbon precursor,
whereas the other hard templates directly influence the carbon material structure.
In general, a typical ice templating comprises three phases. Firstly, the aqueous
carbon precursors are swiftly frozen and crystallised in the first stage, where water
condenses into ice over time. The second phase involves sublimating the ice crystals
directly into water vapour by freeze-drying, resulting in a loose and porous structure.
Carbonisation of the freeze-dried carbon precursors is the third phase. Although ice
templates can significantly increase the surface area, it is challenging to regulate the
shape and size of the ice crystals at the nanoscale. Therefore, additional procedures,
typical activation or porogenic agents, are required to control the nanostructure of
carbon aerogels.

3.1.2 Soft Templating Method

Soft templates are usually the amphiphilic molecules that can form micelles by the
self-assembly process. Then, the micelles could be disintegrated at high tempera-
tures, thus forming pores in the space they occupy. Soft-templating has been widely
used to synthesise various mesoporous materials, including zeolites, silica, inorganic
metal oxides, and mesoporous carbons. To successfully synthesize the mesoporous
carbon precursor by the soft template method, the following three requirements
must be met: (a) can form nanostructures by self-assembly; (b) consists of at least
one component that can stably form pores at high temperatures; (c) consists of at
least one kind of carbon-producing components. Currently, only a few materials
meet these requirements. Moriguchi et al. successfully synthesised an ordered meso-
porous carbon, through the ageing of the intermediate phase assembled by phenolic
resin and cetyltrimethylammonium bromide (CTAB) as a template. The lamellar,
hexagonal, and disordered intermediate phases were synthesised by varying the ratio
of phenol to CTAB from 1:1 to 6:1 [16]. Li’s group has also investigated the use
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of CTAB as a soft template for the synthesis of mesoporous carbon [9]. The carbon
precursor they usedwas a solubilized pitchmaterial with negatively charged terminal
groups; this micelle-templating strategy resulted in forming carbon materials with
a vesicular and hierarchical structure. Zhao et al. also reported another method to
synthesise mesoporous carbon materials using alkyl chain-based (Brij) surfactants.
Although highly ordered mesophases were obtained, the carbonised materials lacked
mesoporous structures. This is because the residual carbon from surfactants used can
occupy the mesopore-generating spaces. Therefore, it is recommended to remove the
surfactant molecules prior to carbonization via solvent extraction [14].

3.2 Template-Free Method

3.2.1 Pyrolysis Route

The traditional mesoporous carbon synthesis route (e.g., chemical vapour deposition
and arc discharge) are generally cumbersome and expensive, limiting their practical
applications. However, the rapid pyrolysis of biomass into functionalised meso-
porous carbon via thermochemistry is an environmentally friendly approach without
air pollution generated from open burning. Therefore, Yu et al. proposed a scal-
able “green” method (Fig. 4) for the synthesis of nanofibers/mesoporous carbon
composites via pyrolysis of Fe(iii)-preloaded biomass, which is controllable through
temperature adjustment and the addition of the FeCl3 catalyst. In an in situ CVD
process, the combined catalytic action of Fe and Cl species were able to effectively
catalyse the growth of carbon nanofibers on mesoporous carbon and the formation of
magnetic nanofibers/mesoporous carbon composites. Additionally, the as-prepared

Fig. 4 Schematical
illustration of mesoporous
carbon materials synthesis
using synthetic polymer
precursor (Adapted with
permission from Reference
[14], Copyright (2006), ACS
Publications)
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material could be directly used as electrode materials for electrochemical energy
storage without further separation and demonstrated a high specific capacitance of
(128 F g−1 at 2 mV s−1), remarkable cycling durability (98% capacitance retention
over 10,000 cycles at 0.5 A g−1 [12].

3.2.2 Natural Biomass Precursors

Biomass is an ideal carbon precursor due to its porous structure, which simplifies
the synthesis steps and reduces manufacturing costs. Also, the use of horticultural
waste addresses solid waste management, lowers raw material costs, and addresses
environmental concerns.Mesoporous carbon can be synthesised by high-temperature
pyrolysis and physical/chemical activation of natural biomass. Currently, a variety
of biomass precursors have been widely investigated, such as cellulose, chitin and
lignin.

4 Mesoporous Carbon for Supercapacitors

4.1 Mesoporous Carbon (Pure Carbon)

Due to several favourable characteristics such as ease of synthesis, low cost and
high electrical conductivity, activated carbon is widely used as the electrode material
in EES devices. However, its low effective specific surface area hinders the prac-
tical deployment due to the presence of randomly connected micropores, which are
difficult for electrolyte ions to access. To improve their performance, researchers
have explored mesoporous carbon as electrodes for SCs. For example, mesoporous
carbon synthesised by the carbonisation of a mixture of polyvinyl alcohol and inor-
ganic salts exhibited a specific capacitance of 180 F g−1 at 100 mA cm−2 in H2SO4

[2]. The size and content of themesopores will affect a wide range of electrochemical
properties, including specific capacitance, energy/power density, and others. Wang
et al. first prepared a mesoporous carbon nanofiber by restricting self-assembled
triblock copolymerswith soluble phenolic resinswithin the channels of anodicAl2O3

membranes. SEMandTEMobservations revealed hexagonally arrangedmesoporous
channels coiled concentrically around the carbon nanofibers’ longitudinal axis. The
as-prepared high specific surface area (>1424 m2 g−1) carbon nanofiber was used
as electrode materials in SCs with KOH and ethylene carbonate/diethyl carbonate
(EC/DEC) electrolytes, which demonstrates constant value in the range of 152 F/g
in sweep rates on 50 mV/s [19]. Pure mesoporous carbon generally possesses poor
electrical conductivity and low capacitance, which cannot be used directly as SC
electrodes. One effective strategy is to dope heteroatoms into mesoporous carbon,
which will be discussed in the following parts.
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4.2 N-doped Mesoporous Carbon

The presence of electron donor N in the mesoporous carbon can provide more active
sites for fast redox reactions on the electrode surface, thus enhancing a variety of
chemical/physical properties including wettability, electrical conductivity, surface
affinity for electrolytes, etc.[10]. As illustrated in Fig. 4, Liu and colleagues proposed
a template-catalyzed in situ polymerization and co-assembly method using urea
formaldehyde (UF) as the precursor and the nitrogen source and polystyrene-block
poly(acrylic acid) (PS-b-PAA) as a catalyst. The UF precursors can interact selec-
tively with partially ionised poly(acrylic acid) segments via hydrogen bonding and
electrostatic interactions, followed by in situ polymerisation of the UF resin/PS-b-
PAA composite catalysed by acidic PAA chain segments. The resulting N-doped
mesoporous carbon has a high N content of 19 wt%, a homogeneous and large
pore size (9.5–17.2 nm), and a high surface area (458–476 m2g−1). Owning to these
favourable properties, the as-fabricated SC exhibits a high specific capacitance of 252
F g−1 at 0.2A g−1 [13]. In addition,Wu et al. developed a facile synthetic route for the
N-doped ordered nanoporous carbon (NONCs) based on the in situ coating of poly-
dopamine on the surface of SBA-15 pores. The carbonisation of polydopamine/silica
nanocomposites in N2 followed by removal of the silica template resulted in the
formation of NONCmaterials with a BET surface area of 1013m2g−1 [11]. However,
the poor crystallinity of the material deteriorated its electrical conductivity. To solve
this issue, Yuan et al. synthesised a graphite-nitride ordered mesoporous carbon
(G-OMC) by using mesoporous NiO as the template/catalyst and dopamine as the
precursor. G-OMC possesses a higher degree of graphitisation than those prepared
with dopamine and pure SBA-15, mainly due to the catalytic graphitisation induced
by the NiO additives [22] (Fig. 5).

4.3 Other Non-Metal Doped Mesoporous Carbon Materials

Incorporating both N and other dopants (e.g., S, P, F and B) in the carbon framework
is becoming increasingly popular in the carbon research community due to the syner-
gistic effects of co-doped atoms. For each application, the appropriate combination
of co-dopants should be carefully chosen. For instance, the swollen carbon interlayer
produced by S doping facilitates the adsorption of larger electrolyte ions; the highly
electronegative F functional group significantly enhances polarisation and refines the
pore structure/surface; doping P into carbon can modulate the formation of various
N configurations [17]. While some literature suggests that surface co-doping has
beneficial synergistic effects on capacitive properties, the underlying mechanisms
require further investigation.
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Fig. 5 The synthesis process of the abundant N-doped mesoporous carbon via in situ polymer-
ization and co-assembly catalysed by a template (Adapted with permission from Reference [13],
Copyright (2018), RSC Publications)
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Fig. 6 a Nitrogen adsorption–desorption isotherms of ordered mesoporous carbon (OMC, red
line), B-doped OMCs-1 (blue line), B-doped OMCs-2 (black line), and B-doped OMCs-3 (green
line),bPore size distributions ofOMCs, B-dopedOMCs-1, B-dopedOMCs-2, andB-dopedOMCs-
3 (Adapted with permission from Reference [1], Copyright (2013), RSC Publications)

4.3.1 Boron-Doped Mesoporous Carbon

B doping will affect the electronic and electrical properties of the carbon nanostruc-
tures. As well as the thermal stability in the presence of nitrogen or air after substi-
tution in the graphite skeleton. Coupling soft template and hydrothermal techniques,
the evaporation-induced self-assembly (EISA) method using resorcinol and boric
acid as precursors and Pluronic F127 as soft template was used to prepare B-OMC.
However, the nitrogen adsorption data from three BOMCs in Fig. 6 demonstrate that
the surface area and pore volume decrease as the B content increases. When B is
incorporated into the OMC framework, micropores are lost, resulting in a decrease
in the specific surface area and pore volume.

4.3.2 Phosphorus-Doped Mesoporous Carbon

Phosphorus is a member of the V group element in periodic table and shares the
same number of valence electrons as nitrogen. Zhang’s laboratory reported an ultra-
convenient and energy-efficient microwave irradiation method for the fabrication
of phosphorus-doped mesoporous carbon under ambient atmosphere. The prepared
phosphorus-doped mesoporous carbon exhibits a high specific surface area (up to
2055 m2g−1), a large pore volume (up to 2.73 cm3 g−1) and good electrical conduc-
tivity. It also has a specific capacitance of up to 210 F g−1, maintains a capacitance
of over 201 F g−1 even at high current densities of 20 A g−1 and achieves a capac-
itance retention rate of 97.39% after 10,000 charge/discharge cycles. Comparative
studies showed that similar morphologies were obtained by microwave irradiation
and conventional pyrolytic carbonisation, but a more developed porosity and higher
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degree of graphitisation was obtained under microwave irradiation. The carbonisa-
tion process under microwave irradiation is completed in 1–3 min, whereas conven-
tional pyrolysis typically takes more than 2 h at temperatures above 600 °C. No
rapid increase in surface oxygen content was observed, even when produced under
ambient atmosphere. Such samples have the potential to become cost-effective and
high-performance electrode materials for commercial SCs [8].

4.4 Hierarchical Porous Carbon (HPC)

When used as electrode materials in EES devices, HPCs exhibit a multimodal pore
size distribution of micro-, meso-, and/or macropores, resulting in a high elec-
trochemically accessible surface area and mass transfer rate. Typically, HPCs are
prepared using templating techniques or a combination of templating and activation
techniques. After combination and chemical activation, Xing’s team synthesised a
series of HPCs. The pore structure analysis revealed that micropores could be gener-
ated in a controlled manner within the mesoporous walls of the mesoporous carbon
during the activation process. The prepared HPCs exhibit better capacitive properties
than the hard template ordered mesoporous carbon, maintaining a high capacitance
of 180 F g−1 at high frequencies of 1 Hz. This can be attributed to the additional
capacitance due to the generated micropores [21].

5 Conclusion and Perspective

SCs are promising EES devices to complement or even replace LIBs in various
applications. This results from their favourable characteristics, including high power
density, excellent cycle life, etc. This chapter presents and discusses the working
principles, representative synthesis routes and optimisation of mesoporous carbon
materials for SCs. Although many enlightening researches have been reported, more
efforts are needed to bridge the large gap between laboratory-based research and
commercial applications. Although these measurements are made using adsorp-
tion and theoretical models, the electrode pore structure is far more complex.
Charge shielding, ion rearrangement, and sparse ionic pores will affect capac-
itance and ion dynamics. Therefore, more advanced characterization techniques
such as micro/nano computerized tomography (CT) are recommended for further
investigations. Also, future research could focus on improving carbon/electrolyte
compatibility by adjusting micropore diameter/shape to accommodate larger elec-
trolyte ions, adding meso/macropore pathways to transfer viscous media, and doping
pseudo-active sites to improve interfacial interactions. For redox reactions and
phase transitions, the improved device architecture must optimise carbon/electrolyte
compatibility. Although challenges remain, we believe high-power, long-runtime
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carbon-based supercapacitors will be developed soon for commercial applications
in electronics and other fields.
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