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A B S T R A C T

Energy is essential for human development. The consumption and production of energy dependent on com-
bustion of fossil fuels will severely impact the global economy and environment. Therefore, the demand for
high performance, environment friendly renewable energy storage devices is growing. Electrochemical energy
is an inevitable part of the clean energy portfolio. Supercapacitors have received a lot of attention due to their
unique characteristics such as high power, longevity and environmentally friendly nature. They support the en-
ergy-power distinction between conventional capacitor (high specific power) and fuel cells/batteries (high spe-
cific energy). In this point of view, global research has been reported to address this and rapid progress in the
utilization aspects of basic as well as the applied supercapacitors. At present years, there has been increasing in-
terest in hypercross-linked polymer (HCP) derived porous carbons as an alternative electrode material for super-
capacitor. HCP is promising for the development of an alternative supercapacitor electrode material because of
its ease of synthesis and its high surface area and microporous nature. The present article reviews recent develop-
ments in the porous carbon originated from HCP, heteroatom doped HCPs and its composites for supercapacitor
applications.

1. Introduction

In the present era, modern societies are facing the problems associ-
ated with the depletion fossil fuels such as increasing cost of fuels, the
polluted atmosphere, the inadequate environment and global warming.
Overcoming these problems is a priority goal, which can be achieved by
developing other energy resources and storage technologies [1]. There-
fore, there is an urgent need for high energy storage capabilities and
high specific power, such as batteries [2–4] and supercapacitors [5].

Generally, supercapacitors (also termed ultra-capacitors or electric
double layer capacitors) are energy storage equipment with high ef-
ficiency and low internal resistance, which can deliver a high energy
when compared with batteries due to the energy storage mechanism.
It involves a simple charge separation between the electrode and elec-
trolyte [6,7]. Each supercapacitor has two electrodes, an electrolyte

and a separator. The separator electrically isolates the two electrodes.
Electrode materials are the key component of any supercapacitor [8,9].
Compared to other energy storage devices, supercapacitors have their
own advantages, such as long cycle life, flexible packaging, high power,
wide range of temperature, light weight and low maintenance [10].
Supercapacitors can be best used in areas where short load cycle and
high reliability applications are needed, for example, power recovery
sources such as forklifts, load cranes and electric vehicles, energy qual-
ity improvement [11]. The following are the potential applications of
supercapacitors are fuel cell buses/cars and light emission hybrid vehi-
cles [12,13]. Supercapacitors with their distinctive properties can serve
as short-term energy storage devices when used with batteries or fuel
cells, which provide higher power efficiency to save energy from brakes
[14,15].

In general, supercapacitors are classified into three different types
based on the energy storage mechanism [16]. The first is electrical
double layer capacitor (EDLC), in this case the capacitance due to the
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pure electrostatic charge stored at the electrode-electrolyte interface, is
mainly dependent on the electrode surface area available for the elec-
trolyte ions. Secondly the pseudocapacitor, in this group a fast and re-
versible faradic process undergoes due to electro active species [17,18].
The third group is the hybrid capacitor. It possesses combination of both
EDLC and pseudocapacitor properties. Selection of the electrode mater-
ial in supercapacitors is a primary factor because it determines the elec-
trical properties [19]. The surface characteristics of electrode mater-
ial strongly influence the capacitance of the cell because double layer
charge storage is a surface phenomenon. The drawbacks associated with
supercapacitors are low specific energy, low voltage per unit cell and
fast self-discharge. One of most radical intensive approaches to over-
come the barrier of low specific energy is by finding new electrode ma-
terials for supercapacitors. In recent days, most popular electrode ma-
terials are carbon based materials, metal oxides/sulfides and conduct-
ing polymers. In the initial stage of supercapacitor fabrication carbon
materials have been employed owing to their unique properties such as
large surface area, good conductivity and high stability. Metal oxides/
sulfides offer attractive options as an electrode material because of their
high specific capacitance and low resistance, making it easy to create
high energy and power supercapacitors. While, in the case of conduct-
ing polymers reduction-oxidation process is used to store and release
charge [20]. The schematic illustration of different types of supercapac-
itors was depicted in Fig. 1.

Porous carbonaceous materials have gained more attraction for sev-
eral years because of their applications [21] in gas separation [22], wa-
ter purification [23], catalysis [24], electromagnetic interface shield-
ing [25], energy storage in batteries [26], supercapacitors [27–33]
and fuel cells [34]. Porous carbons are attractive because of their rel-
atively low cost and because they are easily produced from various
natural and synthetic precursors. Porous carbons are well-known for
their high surface areas and pore volumes; they also have good ther-
mal, chemical and mechanical stability, excellent electrical conductiv-
ity, and can be processed for variety of applications [35]. Porous car-
bonaceous materials are traditionally produced by physical activation,
chemical activation, or by a combination of both [36]. Highly porous
carbons have been produced in the past by using KOH as a chemical
activating agent through precursors including linear polymers [37,38],
carbon nanotubes [39] and graphene oxide [40]. The following are
the microporous solid precursors with advanced properties for carbona

ceous materials, including zeolitic imidazole frameworks (ZIFs) [41]
metal-organic frameworks (MOFs) [42], porous aromatic frameworks
(PAFs) [43], conjugated microporous polymers (CMPs) [44] and hyper-
cross-linked polymers (HCPs) [45].

Hypercross-linked polymers (HCPs) are a sequence of permanent mi-
croporous polymer materials firstly reported by Davankov [46–48] and
have received an ever-increasing level of research interest. The first ex-
amples of HCPs (also called Davankov resins) were developed by Tsyu-
rupa and Davankov in the early 1970s [49] in which polystyrene-based
precursors such as linear solvated polystyrene or gel-type swollen poly-
styrene-co-divinylbenzene were post-crosslinked by external crosslink-
ing agents in the presence of a Lewis acid catalyst and an appropriate
solvent [50–52]. Since the discovery of Davankov resins, a rapid explo-
sion has been witnessed for hypercross-linked polystyrene in their de-
sign and synthesis as well as finding their potential applications. The
most notable advantage is the direct utilization of commercially avail-
able polymeric products as precursors for post-crosslinking. Very re-
cently, HCPs have experienced speedy growth due to the significant ad-
vantages of diverse synthetic methods, ease of functionalization, high
surface area, requirement of low cost chemicals and mild operating con-
ditions [53–58]. Reasonable selection of monomers, adequate length
cross-linkers and optimized reaction conditions provided a well-devel-
oped polymer structure with adjusted porous topology. The post fabrica-
tion of the as-developed network helps to incorporate different chemical
functionalities that can lead to interesting properties and improve the se-
lection toward a particular application. The HCP synthesis methodology
is mainly based on Friedel-Crafts alkylation, which provides fast kinet-
ics for the formation of strong links, resulting in a dominant crosslinked
network with predominant porosity [59,60]. Due to the simple and
versatile synthetic approach, a large diversity of aromatic monomers
can be applied for the development of polymer networks with differ-
ent pore structure or may exploit particular functionalities which en-
hance the high surface area and unique features [61]. Moreover, the
conventional synthesis of HCPs requires low-cost reagents (monomers,
reaction media, and catalysts), and the ease of handling and control-
ling reaction conditions result in the production of high-yield prod-
ucts that compete with conventional inexpensive microporous mater-
ial such as activated carbon. From a synthetic perspective, HCPs are
mainly produced by the following three approaches: (1) post-crosslink-
ing polymer precursors, (2) direct one-step polycondensation

Fig. 1. Classification of different supercapacitors.
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of functional monomers, and (3) knitting rigid aromatic building blocks
with external cross-linkers. The diversity of building blocks, coupled
with the extended synthetic approaches, makes HCPs invaluable sites
for exploring new organic porous materials with enormous potential to
tackle challenging energy and environmental problems. The application
of HCPs is depicted in Fig. 2.

1.1. Calculations of specific capacitance, energy density and power density
based on the galvanostatic charge–discharge (GCD) curves

(1) In three-electrode configuration, specific capacitances derived from
GCD curve can be calculated using the following equation:

(1)

where I is the discharging current, t is the discharge time, ΔV is the po-
tential drop during discharge, and m is the mass of active material in the
working electrode.

(1) In two electrode symmetric cell configuration, specific capacitances
derived from galvanostatic tests can be calculated using the follow-
ing equation:

(2)

where I is the constant discharge current, Δt is the discharging time, m
is the mass of one electrode, and ΔV is the voltage drop upon discharg-
ing. Specific energy (E) and specific power (P) derived from galvanosta-
tic tests can be calculated using the following equations:

(3)

(4)

where E, C, ΔV, P and Δt are the specific energy, specific capacitance,
potential window, specific power and discharge time, respectively.

(1) In two electrode asymmetric cell configuration, specific capacitances
derived from galvanostatic tests can be calculated from the equation:

(5)

Fig. 2. Application of HCPs in different fields.

where I is the discharging current, t is the discharge time, ΔV is the po-
tential drop during discharge, and m is the total mass of the active elec-
trode materials in the positive and negative electrode. Specific energy
(E) and specific power (P) derived from galvanostatic tests can be calcu-
lated using the following equations:

(6)

(7)

where E, C, ΔV, P and Δt are the specific energy, specific capacitance,
potential window, specific power and discharge time, respectively.

2. Porous carbon materials derived from HCPs, heteroatom doped
HCPs and composites of HCPs

2.1. Porous carbon derived from HCPs

Porous carbon derived from HCPs (PC-HCPs) are microporous mate-
rials synthesized from simple and cheap organic monomers that show
good stability and potential for synthetic diversification. The presence
of permanent porosity in the porous carbon of HCPs is a result of exten-
sive cross‐linking, which prevents the polymer chains from collapsing
into a dense, nonporous state. HCPs have been known for many years
and are scalable [62]. They can be prepared using a formaldehyde di-
methyl ether cross‐linker through a simple one‐step Friedel–Crafts reac-
tion, which opens up this approach to a large library of polymers derived
from simple aromatic monomers [63]. PC-HCPs can exhibit a range of
surface areas, pore‐size distributions, and surface functionalities that can
be tuned by changing the aromatic monomer, the reaction stoichiome-
try, or by the inclusion of functionalized aromatic comonomers. Table
1 represent the comparative table of porous carbon derived from HCPs
for supercapacitors application.

Recently Wang et al [64] synthesized a self- template, surfactant-free
strategy of high quality porous carbon nanotubes (PCNTs) with high
surface area by direct carbonization of one dimensional (1D) hyper-
cross-linked polymer nanotubes. The PCNTs synthetic route is depicted
in Fig. 3. They synthesized tubular hypercross-linked polymer from ben-
zene (HCPT-B) monomer by a simple Friedel-Crafts polymerization with
ferric chloride as the catalyst and formaldehyde dimethyl acetal as a
cross-linker. The whole synthesis process does not contain any template
and surfactant. Subsequently, the porous carbon nanotube derived from
benzene (PCNT-B) was obtained by the direct pyrolysis of HCPT-B at
700°C for 3 h in nitrogen atmosphere. They revealed that in the forma-
tion of 1D HCPT-B, the monomer concentration and mechanical agita-
tion play a vital role.

Wang et al [64] evaluated the electrochemical performances of
the synthesized PCNT-B in a symmetric two-electrode system using
6 M KOH as an aqueous electrolyte. For comparison purpose, they
also synthesized another hyper-cross-linked porous polymer (HCPB-B)
with spherical morphology by using 1.0 M monomer concentration
of benzene according to the previously described method in the lit-
erature [63,65], and then subjected it into pyrolysis at 700 ° C to
get porous carbon nanobeads (PCNB-B). The cyclic voltammetry (CV)
curves of the PCNT-B electrode are shown in Fig. 4(a) with varying
the scan rate from 100 to 500 mV s−1 in 6 M KOH aqueous electrolyte.
All the voltammograms exhibited a quasi-rectangular shape without
any obvious redox peak which clearly illustrating that the prepared
PCNT-B electrode possess ideal electric double layer capacitance behav-
ior and effective ion transport in the electrolyte [66–68]. The galvano-
static charge-discharge profile is depicted in Fig. 4(b). The symmet-
ric charge-discharge curves were obtained at different current densities
with negligible amount of ohmic drop, elucidating an ideal capacitive

3
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Table 1
Comparative table of porous carbon derived from HCPs for supercapacitors application.

S.
No.

Material, synthesis condition
and pyrolysis temperature

Surface
area
(m 2g −1)/
Chemical
activation

Electrolyte/
Specific
capacitance
(F g −1)/
Current
density (A
g −1)/
Specific
energy (Wh
kg −1)/
Specific
power (W
kg −1) Reference

1 Porous carbon nanotubes from
benzene (PCNT-B) monomer
prepared by two step method,
(i) hypercross-linking of
benzene and (ii) direct
carbonization of HCP at 700 °C.
Friedel-Crafts reaction: FeCl3 as
the catalyst and formaldehyde
dimethyl acetal as the cross-
linker.

921
m 2g −1/
No
chemical
activation

6 M KOH/
172 F g −1

(2-electrode
system) at
0.5 A g −1

[64]

2 Porous carbon nanofiber derived
from hypercross-linked
polymers (HCP-CNF) as the
negative electrode and two-
dimensional copper cobalt oxide
nanosheets (CCO-NS) as the
positive electrode prepared for
asymmetric supercapacitor.
HCP-CNF: HCP-CNF prepared
from naphthalene and α,
α’-dichloro-p-xylene by Friedel
Crafts polymerization, FeCl3 as
the catalyst and dimethoxy
methane as the cross-linker at
80 °C for 24 h. Pyrolysis done at
700 °C. CCO-NS: CCO-NS
produced via hydrothermal
method with
polyvinylpyrrolidone (PVP) as a
structure directing agent in a
muffle furnace at 140°C for 24
h.

745.24
m 2g −1/
No
chemical
activation

3 M KOH/
244 F g −1

at 1 A g −1

(2-electrode
system)/
specific
energy of
25.1 Wh
kg −1 at a
specific
power of
400 W
kg −1 with
maximum
operating
potential of
1.60 V

[69]

3 Semiconducting porous carbon
derived from hypercross-linked
polymers of phloroglucinol and
α, α’-dichloro-p-xylene was
synthesized by a two-step
process. (i) hypercross-linking of
phloroglucinol and α,
α’-dichloro-p-xylene and (ii)
direct carbonization of HCP at
700 °C. Friedel-Crafts reaction:
FeCl3 as the catalyst.

596.22
m 2g −1/
No
chemical
activation

1 M
Na2SO4/86
F g −1 at
0.1 A g −1

(3-electrode
system)

[70]

4 Porous carbon derived from
hypercross-linking of p-xylene
through Friedel-Crafts alkylation
and subsequent carbonization at
800 °C. for supercapacitor
applications. FeCl3 as the
catalyst and dimethoxy methane
as the cross-linker at 80 °C for
24 h. Pyrolysis done at 800 °C.

489
m 2g −1/
No
chemical
activation

3 M KOH/
242.5 F
g −1 at 1.25
A g −1

(3-electrode
system)

[75]

behavior and a low internal resistance. The specific capacitance of the
electrode material was determined from the discharge curve and it was
found to be 172 F g−1 at 0.5 A g−1, which could remain 76.2% (131.4
F g−1) at a high current density of 30 A g−1 (Fig. 4(c)). However, the
initial specific capacitance of PCNB-B was only 113.4 F g−1 at a current
density of 0.5 A g−1, and decreased to 81 F g−1 at the current density of
30 A g−1, which are much lower than those of PCNT-B at the same con

ditions. The kinetic ion diffusion mechanism within the electrode was
studied by electrochemical impedance spectroscopy (EIS) with the fre-
quency ranging from 10 mHz to 100 kHz. Fig. 4(d) shows the Nyquist
plots of the samples. Both plots feature a vertical curve in low-fre-
quency region, confirming primary contribution of electrostatic ion ad-
sorption. PCNT-B shows a smaller semicircle diameter and a shorter
Warburg region in the high-frequency region compared to PCNB-B, in-
dicating the better electrical conductivity in PCNT-B electrode because
of the long-range 1D carbon nanotube nature (Inset of Fig. 4(d)). Fig.
4(e) shows the dependence of impedance phase angle on frequency of
PCNT-B and PCNB-B electrodes. The cycling stability of the PCNT-B
based supercapacitor was carried out by a consecutive charge-discharge
experiment at a constant current of 1.5 A g−1. As shown in Fig. 4(f),
capacitance retention of 93.6% was achieved after 15000 cycles, indi-
cating the excellent cycling stability of the PCNT-B based supercapac-
itor. The capability of PCNT-B integrated high rate performance with
excellent cycling stability is of great importance for high-performance
supercapacitors. Finally, they concluded that the fabricated PCNTs elec-
trode demonstrates high performance as a supercapacitor material and
it could open up new avenue for other emerging applications.

Babu et al [69] reported a novel porous carbon nanofiber derived
from hypercross-linked polymers (HCP-CNF) and two-dimensional cop-
per cobalt oxide nanosheets (CCO-NS) as the negative and positive
electrodes, respectively for an ultra-high energy and specific power
asymmetric supercapacitor (ASC). Monomers, naphthalene and α,
α’-dichloro-p-xylene was used as the starting material to prepare micro-
pores enriched HCP-CNF by a Friedel Crafts polymerization. Whereas,
the positive electrode material CCO-NS have been produced via hy-
drothermal method with polyvinylpyrrolidone (PVP) as a structure di-
recting agent. The schematic sketch of the HCP is represented in Fig.
5 and the synthesis procedure was as follows. Briefly, in a 250 mL
round bottom flask containing 2 g of naphthalene and 40 mL of 1,
2-dichloroethane equipped with magnetic stirrer. After complete dilu-
tion, Friedel Crafts catalyst was added under stirring condition. Then,
1 g of α, α’-dichloro-p-xylene was added into the above reaction mix-
ture by a drop wise through the separating funnel attached with the
round bottom flask. The whole reaction was carried out 24 h at 80 °C.
At last, the obtained material was washed thoroughly with a methanol
and hydrochloric acid mixture followed by deionized water. It was dried
in an oven for entire night at 100 °C and it was named as HCP. Then
the HCP was pyrolyzed at 700 °C for 6 h under helium atmosphere in a
tubular furnace and the obtained porous carbon material was named as
HCP-CNF.

Furthermore, the fabricated asymmetric device (CCO-NS//HCPCNF)
showed a very good specific capacitance, 244 F g−1 at 1 A g−1, due to
their specific porous architecture of CCO-NS and the interconnected mi-
cropores enriched carbon skeleton of HCP-CNF with high surface area.
In addition, the ASC device delivered a high specific energy of 25.1 Wh
kg−1 at a specific power of 400 W kg−1 with maximum operating poten-
tial of 1.60 V. The electrode also exhibited good capacitance retention
(91.1%) after 5000 cycles in a 3 M aqueous KOH solution.

Vinodh et al [70] reported a semiconducting porous carbon de-
rived from hypercross-linked polymers of phloroglucinol and α,
α’-dichloro-p-xylene was synthesized by a two-step process. In brief,
two necked round bottom flask containing phloroglucinol (1.0 g) and
1, 2-dichloroethane (40 mL) were stirred at 200 rpm for complete dilu-
tion. Then, ferric chloride (3 g) was added into the reaction mixture with
stirring condition. Subsequently, α, α’-dichloro-p-xylene (0.5 g) mixed
with 1, 2-dichloroethane (10 mL) was added drop by drop for 30 min.
At the initial reaction, the temperature was maintained at 40 °C for 4
then it was increased to 80 °C for another 20 h. After completion of
the reaction, the round bottom flask was cooled to ambient tempera-
ture and the contents were filtered under vacuum pump. The sediment
was washed thoroughly washed methanol, hydrochloric acid and water.
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Fig. 3. Schematic illustration of the preparation of HCPTs and PCNTs. Reproduced from ref. [64] with the permission of American Chemical Society.

Fig. 4. Electrochemical performances of PCNT-B and PCNB-B: (a) CV curves of PCNT-B at various scan rates, (b) charge−discharge profiles of PCNT-B, (c) specific capacitances of PCNT-B
and PCNB-B at various current densities, (d) Nyquist plots and the inset shows the close-up view of the high-frequency region, (e) Bode plots of phase angle vs frequency for PCNT-B and
PCNB-B, and (f) cycling stability of PCNT-B at a current density of 1.5 A g−1. Reproduced from ref. [64] with the permission of American Chemical Society.

They synthesized a series of HCP with varying the cross-linker, α,
α’-dichloro-p-xylene. The synthesis protocol of the HCP is shown in Fig.
6. Finally, the prepared HCPs were pyrolyzed at 700 °C under helium
atmosphere.

Furthermore, HCP-4 was fabricated as an electrode material to eval-
uate the electrochemical performance in a three electrode system. GCD
profiles with different current densities (0.1 to 3 A g−1) of HCP-4 are
shown in Fig. 7(a). The obtained GCD curves show triangular as well as
symmetrical shapes which clearly illustrate that HCP-4 possesses EDLC
behavior as well as excellent electrochemical reversibility. Fig. 7(b)
represents CV curves of HCP-4 with varying the scan rate from 5 to
400 mV s−1. With increasing the scan rate, the current increases and
the voltammogram at the higher scan rate (400 mV s−1) maintained a
rectangular shape, revealing that the material exhibits good capacitive
characteristics and fast diffusion. The EIS of the electrode material is

shown in Fig. 7(c). It demonstrates that the similar Nyquist plot shapes
composed of a nearly vertical line at low frequency region attributed
to capacitive behavior, a sloping linear region at high-to-medium fre-
quency assigned as diffusion resistance and a semicircle at high fre-
quency representing the charge–transfer resistance [71,72]. The ob-
tained results clearly reveal that the porous nature of the electrode ma-
terial is beneficial for the electrochemical reactions via diffusion and
transport of ions. Also, this phenomenon contributes to the easy diffu-
sion of electrolyte ions within the pore channels (micro/meso/macro-
pore) and facilitates the efficient utilization of the interior surfaces
through low-resistance pathways [73,74].

Very recently, Kim et al [75] synthesized a porous carbon derived
from hypercross-linking of p-xylene through Friedel-Crafts alkylation
and subsequent carbonization at 800 °C for supercapacitor applications.
The detailed experimental procedure is as follows. P-xylene (1.0 g) and

5
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Fig. 5. Schematic illustration of the formation of HCP-CNF. Reproduced from ref. [69] with the permission of Elsevier.

Fig. 6. Schematic representation of hypercross-linked polymers of phloroglucinol and α, α’-dichloro-p-xylene. Reproduced from ref. [70] with the permission of Elsevier.

cross-linker, dimethoxy methane (0.5 g) were added into 20 mL of 1,
2-dichloroethane in a 100 mL round bottom flask equipped with mag-
netic stirrer. After stirring the reaction mixture for 30 min, ferric chlo-
ride (3 g) was added to it under stirring. Then, the reaction was carried
out for 24 h at 80 °C. After the completion of the reaction, the brown
colored precipitate was washed with copious amount deionized water,
ethanol and acetone mixture. The hypercross-linked polymer of p-xy-
lene was dried at 100 °C for 12 h and designated as HCP-pXy. Subse

quently, HCP-pXy was carbonized in a tubular furnace at 800 °C for 5h
with the heating rate 2 °C min −1.

The HCP-pXy and HCP-pXy-800 synthesis is depicted schematically
in Fig. 8.

Furthermore, Kim et al [75] tested the prepared material in a three
electrode system to evaluate the supercapacitor properties. As shown in
Fig. 9(a), the CV curve has nearly a rectangular shape with fast cur-
rent response, suggesting that the prepared electrode material possesses
EDLC characteristic. The GCD curves are shown in Fig. 9(b). HCP-pXy-
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Fig. 7. (a) Charge–discharge curves of carbonized HCP-4 at different current densities, (b) Cyclic voltammogram of carbonized HCP-4 with varying the scan rate, and (c) Nyquist plots of
carbonized HCP-4. Reproduced from ref. [70] with the permission of Elsevier.

Fig. 8. Schematic illustration of the synthesis of hypercross-linked polymer of p-xylene and subsequent pyrolysis. Reproduced from ref. [75] with the permission of Elsevier.
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Fig. 9. HCP-pXy-800 @ three electrode set-up in 3 M KOH electrolyte: (a) CVs with different scan rate, (b) CDs with different current density, (c) current density vs specific capacitance,
(d) Nyquist plot, (e) cyclic stability test at 1.25 A g−1 for 2000 cycles and (f) EIS before and after stability test. Inset of (e): SEM images of HCP-pXy-800 electrode after the stability test.
Reproduced from ref. [75] with the permission of Elsevier.

800 exhibits almost linear and symmetrical GCD curves. It strongly sug-
gests a highly reversible adsorption-desorption of electrolyte ions in the
framework of HCP-pXy-800 electrode. The maximum specific capaci-
tance was found to be 242.5 F g−1 at a current density of 1.25 A g−1

(Fig. 9(c)). The Nyquist plot is shown in Fig. 9(d). The small semicir-
cle in the high frequency region and vertical line in the low-frequency
region indicate that the charge transfer and ion diffusion speed are high
enough at the materials surface. Furthermore, the stability of the elec-
trode material was investigated in GCD cyclic test at 1.25 A g−1 for
2000 cycles (Fig. 9(e)). The HCP-pXy-800 electrode can retain 95.18%
of the initial specific capacitance after 2000 cycles, suggesting excellent
electrochemical stability. They strongly believe the prepared HCP-pXy-

800 electrode material could inspire the researches and open new av-
enue for future energy storage applications.

In the past, various classes of carbon materials, such as graphene
(GN), active carbon (AC), carbon nanotubes (CNTs), carbon nanofibers
(CNFs), carbon onion, etc. [76,77], have been in-depth studied for EDLC
electrodes. Owing to the high SSA, abundant porosity and good electri-
cal conductivity, carbon materials possess the advantages in power per-
formance and cycling stability [78,79]. However, all the above mate-
rials require chemical activation using KOH or ZnCl2 to enhance SSA
and tedious process involved to synthesize them. The hypercross-linked
derived porous carbon electrode materials possess low specific capac-
itance value when compared with other carbon based mate
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rials. However, the hypercross-linked derived porous carbon does not re-
quire any chemical activation to enhance the specific surface area. Gen-
erally, hypercross-linked polymers exhibit surface area between 400 and
1500 m2 g−1. Furthermore, it possesses micropores in the structure. It
is one of the beneficial parameters for supercapacitor applications. Also,
the method of preparation was ease and not required either peculiar
chemicals or instruments.

2.2. Porous carbon derived from heteroatom doped HCP

Porous carbon materials, with a well-defined porous texture, have
led to a growing interest among researchers for supercapacitor applica-
tions because of their properties like high surface area, cost efficiency,
easy processability and good conductivity [80]. However, one detrimen-
tal feature of undoped porous carbon is that the electrochemical per-
formance of such materials is solely as a result of ion adsorption on
the electrode surface. Molecular engineering of heteroatom (N, S, O,
P, etc.) doped porous carbon has been effectively employed in recent
decades to improve the capacitive behavior of supercapacitors [81].
Nitrogen doped carbon materials, such as nitrogen-doped carbon nan-
otubes [82], carbon nanofibers [83], biomass derived carbon [84], car-
bon spheres [85], and ordered mesoporous carbons [86], have been es-
tablished to exhibit extreme specific capacitances and outstanding elec-
trochemical stability for EDLCs. Nitrogen doping can cause a shift of
the Fermi level to the valence band in carbon materials, thereby facili-
tating electron transfer [87]. Moreover, nitrogen incorporation can im-
prove the wettability of the carbon surface in the electrolyte and in-
crease the capacitance by additional faradaic redox [84]. In general,
pyrrolic-N and pyridinic-N connect with two carbon atoms and play a
major role in the enrichment of the capacitance. Very interestingly, the
lone pair in pyrrolic-N is included in the π system, while the one pyri-
dinic-N is not included [88]. Among them, pyridinic-N and pyrrolic-N
which are easily accessible to electrolyte ions, allow fast diffusion of
electrolyte ions and are accountable for providing pseudocapacitance,

in turn improving the specific capacitance of the electrode materi-
als. Hence, the nitrogen anchored porous carbon with pyridinic and
pyrrolic-N species in the majority is in favor of serving as an electrode
for supercapacitors [89]. Table 2 represents the heteroatom doped
porous carbon derived from HCP.

Recently Lu et al [90] reported a series of micro dominant hierar-
chical porous carbon with rich heteroatom doping amounts derived by
hypercross-linked polymerization approach for high-performance super-
capacitors. The hypercross-linked polymer was derived from pyrrole and
thiophene monomer. The systematic synthesis protocol is depicted in
Fig. 10. In brief, 100 mL of 1, 2-dichloroethane solution containing the
monomer (thiophene and pyrrole) was slowly transferred in a suitable
three-necked round-bottomed flask attached with a reflux condenser un-
der argon atmosphere. Cross-linker, dimethoxymethane was then added
to the mixture and rapidly stirred for 10 min. Then, FeCl3 was added and
the temperature was raised to 60°C overnight to form the dark brown/
black blocky solid. The obtained final product was filtered and washed
by methanol followed by drying overnight. The material was named as
HCP-Py/Th. Then, the as-prepared HCP-Py/Th was pyrolyzed at 300°C
for 2 h under inert atmosphere and also activated with KOH. The pre-
pared N, S doped hypercross-linked polymer exhibited a high surface
area (1339 m2 g−1) and rich heteroatom doping amount (4.5% for N,
5.8% for S). Remarkably, the heteroatom doped porous carbon derived
from HCP in a symmetric capacitors device delivered a specific capaci-
tance as high as 464 F g−1 at 0.2 A g−1, and a high specific energy of
16.2 Wh kg−1 at 50 W kg−1. In the meantime, the capacitance reten-
tion of electrode remained over 92% after 10,000 cycles. This work re-
ports a hypercross-linked polymerization approach to construct hierar-
chical porous N, S co-doped carbon for high-performance supercapacitor
device, which is promising for providing a new strategy to prepare car-
bon-based materials for ultrafast electron/ion transport supercapacitors.

Deka et al [91] reported nitrogen-doped porous carbons which were
synthesized by KOH activation of hypercross-linked 1,1,2,2-

Table 2
Hetero-atom doped porous carbon derived from hypercross-linked/microporous conjugated polymers for supercapacitor applications2.3 Porous carbon derived from HCP and its compos-
ites.

S.
No. Material, synthesis condition and pyrolysis temperature

Surface area
(m 2g −1)
/Chemical
activation Electrolyte

Specific
capacitance
(F g −1)

Current
density
(A
g −1)

Specific
energy
(Wh
kg −1)

Specific
power
(W
kg −1) Reference

1 Nitrogen and sulphur doped porous carbon derived from thiophene and
pyrrole based hypercross-linked polymer. Cross-linker: Dimethoxy methane
(DMM); Catalyst: FeCl3; Reaction temperature and time: 60 °C, 24 h;
Pyrolysis: 300 °C.

1339 m 2

g −1; KOH
activation
(1:3)

6 M KOH 2-electrode:
464

0.2 16.2 50 [90]

2 N-doped porous carbon from carbazole substituted tetraphenyl ethylene
based HCP. Cross-linker: Formaldehyde Dimethylacetal (FDA); Catalyst:
FeCl3; Pyrolysis: 700 °C.

2226 m 2

g −1; KOH
activation
(1:2)

1 M
H2SO4

2-electrode:
232

0.5 11.6 6k [91]

3 P and N doped porous carbon from hypercross-linked polymer of the
following monomer: Benzene, pyrrole, thiophene and aniline. Cross-linker:
Dimethoxy methane (DMM); Catalyst: FeCl3; Reaction temperature and
time: 80 °C, 24 h; Pyrolysis: 600 to 800 °C.

329 m 2

g −1; No
chemical
activation

1 M
H2SO4

2-electrode:
220

0.1 – – [92]

4 N-riched porous carbon spheres from resorcinol and formaldehyde.
Ethylene diamine used a nitrogen precursor. Reaction carried out in
autoclave. Reaction temperature and time: 100 °C, 24 h; Pyrolysis: 600 °C.

1224 m 2

g −1; CO2
activation

1 M
H2SO4

3-electrode:
388

1.0 – – [93]

5 N-doped microporous carbon spheres prepared from phenol-formaldehyde
resin by Stober method. Pyrolysis: 500-800 °C.

1517 m 2

g −1; KOH
activation
(1:2)

6 M KOH 2-electrode:
60.6

1.0 21.5 500 [94]

6 N-doped porous carbon derived from hypercross-linked polymer of
anthracene. Cross-linker: Dimethoxy methane (DMM); Catalyst: FeCl3;
Reaction temperature and time: 80 °C, 24 h; Pyrolysis: 600 to 800 °C.

928 m 2

g −1; No
chemical
activation

6 M KOH 2-electrode:
206.4

1.0 28.6 200 [95]

7 N-doped porous carbon derived from conjugated microporous polymer. 718 m 2

g −1; No
chemical
activation

6 M KOH 2-electrode:
264

0.1 3.6 5k [96]
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Fig. 10. Synthesis routes of N, S-MC derived from hypercrosslinked polymerization of two individual monomers of polypyrrole and polythiophene. Reproduced from ref. [90] with the
permission of Elsevier.

tetrakis (4-(9H-carbazol-9-yl)phenyl)ethene (HTCP) polymer for effi-
cient supercapacitor application. The obtained materials possess com-
bined microporous and mesoporous structures with high BET surface
area of upto 2226 m2 g−1 and nitrogen content of upto 2.62%. These
structural properties resulted in increased accessible surface and redox
sites for enhanced electrochemical capacitive storage. Effects of nitrogen
functionalities and carbonization temperature on the porous materials
were studied by monitoring the capacitive behaviors of the samples. The
material afforded by carbonization of HTCP at 700°C (HTCP-700) of-
fered a high specific capacitance of 445 F g−1 (1 A g−1) and excellent cy-
cle durability of nearly 100% retention upto 10000 cycles in 1 M H2SO4
electrolyte. The cyclic voltammetry and galvanostatic charge-discharge
experiments indicate a good rate capability (278 F g−1 at 20 A g−1). The
supercapacitor device (Fig. 11) fabricated with PVA-H2SO4 gel elec-
trolyte using HTCP-700 as an active material delivered maximum spe-
cific energy of 11.6 W h kg−1.

Lee et al [92] reported hypercross-linked polymers which were syn-
thesized from aromatic precursors using a one-step “knitting” proce-
dure. This scalable process allows wide synthetic diversity and ease
of functionalization. The hypercross-linked polymers were synthesized
with the previously existing method [63]. In short, the monomer (ei-
ther benzene, pyrrole, thiophene, or aniline; 50 mmol) was added to
1, 2-dichloroethane (100 mL) under N2 atmosphere in a 250 mL
two-necked flask combined with a reflux condenser. Cross-linker,
dimethoxymethane (8.8 mL, 100 mmol) was added and the mixture
was stirred for 10 min. Ferric chloride (16.2 g, 100 mmol) was then
added and the mixture was heated at 80°C overnight. After cooling the
dark brown/black precipitate was filtered and washed with methanol.
The solids were further purified by Soxhlet extraction with methanol
for 1 day then dried under vacuum at 70°C for 1 day. Furthermore,
the prepared C-HCP, N-HCP and P-N-HCP were pyrolyzed at room tem-
perature in a tubular furnace under inert atmosphere. The synthesis

Fig. 11. Electrochemical performance of solid-state symmetrical supercapacitor device: a) CV curves at different scan rates; b) GCD curves at different current densities; c) CV curves at
different potential windows; d) Cycle stability; e) Nyquist plot with inset showing the equivalent circuit; f) Ragone plot of specific energy against specific power. Reproduced from ref.
[91] with the permission of Wiley.
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method of HCP with different monomer and subsequent carbonization is
displayed in Fig. 12.

Among the different electrode material synthesized, N-Py-700 exhib-
ited an ideal supercapacitive behavior, with a very high capacitance
of 374 F g−1 at 0.1 A g−1 and retained 96% capacitance after 15,000
charge-discharge cycles. N-Ben-800, which showed 74% EDLC, exhib-
ited a capacitance of 295 F g−1 at 0.1 A g−1 with an excellent capaci-
tance retention of 81% at a very high current density of 10 A g−1. Lee
et al concluded that further supercapacitive HCP-based carbons will be
produced with improved energy storage properties over the promising
materials presented here.

Wickramaratne et al [93] developed nitrogen containing poly-
mer-carbon spheres (PS) through a one-pot hydrothermal method. A
brief reaction procedure as follows: aqueous-alcoholic solution was pre-
pared by mixing 16 mL of ethanol and 40 mL of distilled water. Subse-
quently, various amounts of ethylenediamine (EDA, 0.2 to 0.8 mL) were
added under continuous stirring. Then, 0.4 g of resorcinol was added
and stirred until a complete dissolution occurred. Then, 0.6 mL of 37
wt % formaldehyde was added slowly and stirred for 24 h at 30°C. Fi-
nally, the reaction mixture was transferred to a Teflon container and
placed in a sealed metal autoclave vessel, which was placed in an oven
at 100°C for 24 h. The nitrogen containing solid spheres was obtained
by centrifugation and dried at 100°C for 12 h. Notably, supercapacitors
based on these CS electrodes in 1 M H2SO4 electrolyte solution (Fig.
13) exhibited very high capacitance up to 388 F g−1 and 232 F g−1 at
1 A g−1 and 100 A g−1, respectively, which corresponds to 60% capac-
itance retention at 100 A g−1 of the value at 1A g−1. These values are
higher than the capacitance reported so far for many carbon-based ma-
terials. Furthermore, these carbons showed nearly rectangular shape of
the CV curves even at a 3000 mV s−1 scan rate and very high capaci

tance retention (98%) even after 8000 cycles. Superior performance of
CS as electrodes for supercapacitors is mainly due to following three fac-
tors: (1) Smaller particle size and proper pores size distribution facili-
tate penetration of the electrolyte solution through the particles. (2) Ni-
trogen and oxygen functionalities improve the wettability of the carbon
surface, enhancing the accessibility of active surface area to the elec-
trolyte solution, and in addition, (3) pyridinic-N, pyrrolic-N and pyri-
done-N generate an additional minor contribution (pseudocapacitance)
to EDLC, which originates mainly from high microporosity.

Liang et al [94] developed nitrogen-doped microporous carbon
spheres (NMCSs) via carbonization and KOH activation of phe-
nol-formaldehyde resin polymer spheres synthesized by a facile and
time-saving one-step hydrothermal strategy using tri-block copolymer
Pluronic F108 as a soft template under the Stöber-like method condi-
tion. They systematically investigated the influence of the ethanol/wa-
ter volume ratios and carbonation temperatures on the morphologies,
pore structures and electrochemical performances of the prepared NM-
CSs. The prepared material, NMCSs possessed a large specific surface
area of 1517 m2 g−1. The as-prepared NMCSs was used as supercapac-
itor electrode materials and exhibited an outstanding specific capaci-
tance of 416 F g−1 at a current density of 0.2 A g−1. In addition, it
showed an excellent charge/discharge cycling stability with 96.9% ca-
pacitance retention after 10,000 cycles. The constructed symmetric su-
percapacitors (Fig. 14) using PVA/KOH as the gel electrolyte was able
to deliver a specific capacitance of 60.6 F g−1 at current density of 1
A g−1. A maximum specific energy of 21.5 Wh kg−1 was achieved at a
specific power of 800 W kg−1, and the specific energy was maintained
at 13.3 Wh kg−1 even at a high specific power of 16 kW kg−1. The re-
sults suggest that this work can open up a facile and effective way to

Fig. 12. Synthesis of the hypercrosslinked polymers and subsequent carbonization methods. Reproduced from ref. [92] with the permission of Elsevier.
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Fig. 13. CV and charge−discharge curves for CS3−6 (A, B) and CS3−6A (C, D) and CV curves for CS2−6A (E) and CS1−6A (F). Reproduced from ref. [93] with the permission of American
Chemical Society.

synthesize the NMCSs for electrode materials of high performance en-
ergy storage devices.

Vinodh et al [95] synthesized nitrogen doped porous carbon balls
from hypercross-linked polymer of anthracene by a simple and effective
Friedel Crafts reaction followed by carbonization with varying the py-
rolysis temperature from 600 to 800 °C. Among the different electrode
materials, N-HCP@700 showed superior electrochemical performance
due to its high surface area and optimized porosity. Furthermore, the
electrochemical studies were examined in three electrode system using
6 M KOH electrolyte demonstrated a maximum specific capacitance of
412.8 F g−1 at 0.2 A g−1 of current density for NHCP@700 electrode. A
symmetric device was fabricated (Fig. 15), and it showed a high spe-
cific capacitance of 206.4 F g−1 at 0.2 A g−1 with excellent rate ca-
pability. In addition, the material exhibited excellent durability where
only 3.5% loss was observed after 5000 cycles (capacitance retention of

96.5%). Finally, they concluded that the nitrogen doped anthracene
based hypercross-linked polymers assist is an appropriate precursor to
prepare nitrogen incorporated microporous enriched carbon balls and it
could be a remarkable material for future energy storage devices.

Xu et al [96] synthesized N-doped porous carbon derived from con-
jugated microporous polymer. They prepared two PCMs (PCM-1 and
N-doped NPCM-1) with comparable porosity by the carbonization of
rationally designed CMP precursors with the same skeleton structure
and different chemical compositions. Although, these two PCMs pos-
sess similar porosity structures, NPCM-1 exhibited much better perfor-
mance in supercapacitive energy storage than PCM-1 probably due to
the much improved electrical and surface properties induced by nitrogen
doping. Thus, NPCM-1 displayed a decent specific capacitance of 264
F g−1 at the current density of 0.1 A g−1 and excellent cycling stability
(Fig. 16). Overall, they concluded that the carbonization and nitrogen
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Fig. 14. The electrochemical characteristics of the assembled SSDs based on the NMCSs-600 materials using PVA/KOH as the gel electrolyte in two electrode system. (a) CV curves of the
SSD in different voltage windows from 1 to 1.6 V at the scan rate of 20 mV s−1. (b) CV curves of the SSD at various scan rates within a voltage window of 1.6 V. (c) GCD curves at different
current densities. (d) The gravimetric capacitance of the SSD as a function of current density, the inset image shows a commercial red LED powered by two SSDs in series. (e) Nyquist plot
of the SSD, the inset gives the magnify plot for high frequency range. (f) Ragone plots of the SSD and the other carbon spheres based symmetric supercapacitors. Reproduced from ref.
[94] with the permission of Springer.

Fig. 15. In a device, (a) CV profiles of fabricated symmetric supercapacitor at 50 mV s-1 sweep rate in various cut-off voltage; (b) CVs of the symmetric supercapacitor device at various
scan rates; (c) Symmetric supercapacitor device was measured at various current densities with an cut-off voltage of 0-1.0 V and (d) Plot of Current density vs specific capacitance values
obtained from GCD curves. Reproduced from ref. [95] with the permission of Elsevier.

incorporation is an efficient method to significantly improve the super-
capacitive energy storage properties of porous carbon materials. This
could potentially provide a rational design principle for the construction
of high performance porous materials.

Jung et al [97] reported the fabrication of composite electrode mate-
rial from hypercross-linked polymer of pyrene and electrochemical poly-
merization of aniline. First, they synthesized hypercross-linked poly-
mer of pyrene (PyHCP) by a facile Friedel-Crafts alkylation method
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Fig. 16. (a) Cyclic voltammograms of CMPs and PCMs at the scan rate of 100 mV s−1, (b) galvanostatic charge–discharge curves of CMPs and PCMs at a current density of 0.1 A g−1 (c)
gravimetric capacitances (Cs) of PCM-1 and NPCM-1 at different current densities, (d) Ragone plots of gravimetric specific energy versus specific power for PCM-1 and NPCM-1-based
supercapacitors, (e) Nyquist plots with the inset showing the enlarged part of the high-frequency region, (f) capacitance of NPCM-1 for a 10 000-cycle charge–discharge test at a current
density of 1 A g-1, the inset shows the charge–discharge curves of NPCM-1 during a test of 10000 cycles. Reproduced from ref. [96] with the permission of Royal Society of Chemistry.

and subsequent carbonization at 800 °C to yield porous carbon of Py-
HCP (PyHCP-800). Secondly, polyaniline (PANI) was grown on the sur-
face of PyHCP-800 by electrochemical polymerization of aniline. Fur-
ther, they fabricated PyHCP-800/PANI symmetric supercapacitor (SSC)
to access the feasibility of the prepared electrode material. Fig. 17(a)
represents the sketch of SSC device made-up of PyHCP-800/PANI on
nickel foam. Fig. 17(b) exhibits the voltammogram of SSC device with
the potential window from 0 to 1.5 V. The GCD profiles of the device at
different current densities are illustrated in Fig. 17(c). Fig. 17(d) repre-
sents the Ragone plot of PyHCP-800/PANI SSC device. The specific en-
ergy reached 3.72, 3.00, 0.97 and 0.57 Wh kg−1 at the specific power of
65.07, 129.79, 194.10 and 320.625 W kg−1, respectively. The maximum
specific capacitance was achieved for SSC device was 15.83 F g−1 at cur-
rent density of 0.1 A g−1.

Chen et al [98] synthesized cobalt-doped graphene-coupled hyper-
cross-linked polymers (Co-GHCP) by using an efficient RAFT (Reversible
Addition-Fragmentation Chain Transfer Polymerization) emul

sion polymerization and nucleophilic substitution reaction with Co (II)
porphyrin (Fig. 18). The prepared, Co-GHCP possessed 2D morphology
with a high surface area of 257. 8 m2 g−1. The obtained interesting re-
sults encouraged them to fabricate electrode material for energy storage
applications (Fig. 19). The Co-GPC exhibited a high electrochemical ca-
pacitance of 455 F g−1 at a specific current of 0.5 A g−1. After 2000
charge/discharge cycles, at a current density of 1 A g−1, the specific ca-
pacitance increased by almost 6.45%, indicating the excellent capaci-
tance and durability of Co-GPC. The authors confirmed that incorpora-
tion of metal porphyrin into the framework of a hypercross-linked poly-
mer is a facile strategy to prepare transition metal-doped porous carbon
for energy storage applications.

Sharma et al [99] synthesized a high surface area of nanoporous hy-
percross-linked polyaniline for gas sorption as well as supercapacitor ap-
plications. The synthesis process is displayed in Fig. 20.

The high surface area (1059 m2 g−1) and narrow pore size distrib-
ution of the HCPANI and its surface properties encouraged them to in
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Fig. 17. PyHCP-800/PANI || PyHCP-800/PANI device in 6 MKOH: (a) schematic illustration of SSC device, (b) different scan rate, (c) different current density, (d) Ragone plot, (e) cyclic
stability test and (f) EIS spectra of before and after stability test. Inset of (d): Current density vs specific capacitance. Inset of (e): SEM image after the stability test. Reproduced from ref.
[97] with the permission of Elsevier.

Fig. 18. Synthesis route of cobalt-doped porous carbon nanosheets (Co-GPC): (i) N-hydroxy-succinimide (NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl),
1,3-diaminopropane, water, 0 °C, 12 h; (ii) N2, acyl chloride-S-1-dodecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate (DDAT), dry dimethylformamide, Et3N, 0 °C, 24 h; (iii) N2,
water, polyvinyl alcohol (PVA), NaCl, AIBN, 1,4-divinylbenzene, 4-vinylbenzyl chloride, 80 °C, 8 h; (iv) GO-PVD, Co(TPyP), dry dimethylformamide, 110 °C, 3 d; (v) FeCl3, 2 h; (vi) 800
°C, N2, 2 h. Reproduced from ref. [98] with the permission of MDPI.

vestigate the feasibility of using HCPANI as supercapacitor electrode.
The CV analyses of the EBPANI (emeraldine base PANI) and HCPANI
were conducted and the corresponding curves are shown in Fig. 21.
The shape of the obtained CV curves of HCPANI is almost rectangular,
while redox peaks were observed in EBPANI. Normally, in supercapac-
itor application both EDLC and redox reaction do contribute to storage
properties. The specific capacitance of HCPANI and EBPANI was calcu-
lated to be 410 and 260 F g−1, respectively at 3 mV s−1. The attained

specific capacitance value of HCPANI was higher than the already ex-
isting specific capacitance value of PANI materials [100–103]. Further-
more, the stability of the electrode material was done up to 1000 cy-
cles for HCPANI and it is shown in Fig. 21(d). The results suggested
that even after 1000 cycles the material retained its initial capacitance.
This good rate capability and high value of specific capacitance of HC-
PANI was ascribed to the specific interconnected porous structure and

15



UN
CO

RR
EC

TE
D

PR
OO

F

R. Vinodh et al. Journal of Energy Storage xxx (xxxx) xxx-xxx

Fig. 19. (a) Cyclic voltammograms (CV) of the Co-GPC electrodes at various scan rates; (b) The galvanostatic charge/discharge curves of the Co-GPC supercapacitor at various specific
currents; (c) CV of Co-GHCP, Co-GPC, GHCP, and GPC at 10 mV s−1; (d) The charge/discharge curves of the Co-GHCP, Co-GPC, GHCP, and GPC performed at the current density of 1 A
g−1. Reproduced from ref. [98] with the permission of the MDPI.

Fig. 20. Reaction scheme for the synthesis of HCPANI. Reproduced from ref. [99] with
the permission of the Royal Society of Chemistry.

high surface area which provides more active area of interaction with
electrode and electrolyte interface and thereby capacitive performance
was obtained.

Sarno et al [104] reported hypercross-linked styrene-based resins
filled with graphite nanoplatelets (GNP) at two different GNP concen-
trations that were synthesized by means of a facile and efficient mod-
ified Davankov procedure. In brief, the hyper-crosslinked poly(divinyl-
benzene-co-vinylbenzyl chloride) based nanocomposites containing GNP
were prepared through a two-step procedure. DVB and VBC (molar ratio
2:98) were mixed with different concentrations of GNP. Then, initiator
(AIBN) was added, and the mixture was kept at 80 °C under stirring with
nitrogen atmosphere for 30 min. Polymerization was done in an oven for
24 h at 80°C. For comparison purpose, hypercross-linked styrene resin
alone was synthesized without graphite nanoplatelets. The prepared hy-
percross-linked composite exhibited high specific capacitances of 52.1 F
g−1 and 60.4 F g−1. In addition, the prepared nanocomposite exhibited
high capacitance retention up to 97 % over 10000 cycles, thus confirm-
ing their excellent performances as robust EDLC electrode materials.

To enhance the specific capacitance, composite materials are fab-
ricated with porous carbon derived hypercross-linked polymers. Table
3 illustrates porous carbon derived from HCP and its composites for
supercapacitors application It shows superior performance than bare
materials. Hence, PC-HCP/polymer composites have great potential for
supercapacitor applications to improve current activated carbon-based
supercapacitors, and we believe PC-HCP/polymer-based supercapacitor
would find its place in commercialization in the near future.

3. Conclusion and future work suggestion

In recent years, electrochemical supercapacitors have been consid-
ered as one of the prominent devices for energy storage. In this present
review, different types of hypercross-linked polymers, its synthesis, for-
mation of porous carbon and its performance as electrode material in
supercapacitor was studied. The common synthesis method to prepare
HCPs was Friedel Crafts alkylation using ferric chloride as the catalyst.
Also, the most commonly used cross-linker was dimethoxy methane to
get the hypercross-linked structure. The other cross-linkers, such as di
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Fig. 21. Cyclic voltammetry curves of (a) EBPANI and (b) HCPANI. (c) Specific capacitance of HCPANI and EBPANI at different scan rates and (d) charging–discharging cycles at a constant
scan rate of 3 mV s−1. Reproduced from ref. [99] with the permission of the Royal Society of Chemistry.

methyl acetal, paraformaldehyde and dimethyl amine can also be used
to get HCPs. The main advantage of the Friedel Crafts reaction was the
requirement of low cost catalysts, FeCl3 or ZnCl2. To synthesis differ-
ent kind of HCPs only low cost monomers like benzene, naphthalene,
anthracene, phenanthrene, pyrrole and thiophene needed. Furthermore,
the surface area of the HCPs is normally more than 1000 m2 g−1 and also
it possesses interconnected pore channels. However, when compared to
other electrode materials, the specific capacitance and rate capability
was relatively low. Therefore, more research is needed for high-perfor-
mance electrodes, which ensure high specific capacitance, long dura-
bility and high rate capability. The authors trust that furthermore re-
search should focus on different nanocomposite materials composed of
metal oxides, metal sulfides and conducting polymers for constructing
high-performance supercapacitor electrodes. In addition, it is necessary
to develop and optimize parameters like synthesis condition, physico-
chemical properties of the materials to explore the full potential of the
supercapacitor electrode materials. Despite encouraging outcomes have
been attained in this field; the evolution of the new generation of super-
capacitors is at its budding stage.
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Table 3
Porous carbon derived from HCP and its composites for supercapacitors application.

S.
No.

Material, synthesis condition and
pyrolysis temperature

Surface area
(m 2g −1)/Chemical
activation

Electrolyte/
Specific
capacitance
(F g −1)/
Current
density (A
g −1)/
Specific
energy (Wh
kg −1)/
Specific
power (W
kg −1) Reference

1 Composite electrode material
prepared from hypercross-linked
polymer of pyrene and
electrochemical polymerization of
aniline. Hypercross-linking of
pyrene was carried out by Friedel-
Crafts alkylation, FeCl3 catalyst
and paraformaldehyde as the
cross-linker at 80 °C for 24 h.
Pyrolysis done at 800 °C.

827 m 2g −1/ No
chemical
activation

6 M KOH.
3-electrode
system:
62.6 F g −1

at 0.1 A
g −1.
2-electrode
system:
16.83 F
g −1 at 0.1
A g −1. The
energy
density can
reach 3.72
Wh kg −1

with the
power
density of
65.07
Wkg −1.

[97]

2 Cobalt-doped graphene-coupled
hypercross-linked polymers (Co-
GHCP) by RAFT (Reversible
Addition-Fragmentation Chain
Transfer Polymerization) emulsion
polymerization and nucleophilic
substitution reaction with Co (II)
porphyrin.

257. 8 m 2 g −1 1 M KOH/
455 F g −1

at a specific
current of
0.5 A g −1

(3-electrode
system).

[98]

3 Nanoporous hypercross-linked
polyaniline prepared by two step
method. First, EBPANI was
synthesized and then it was
hypercrosslinked.

1059 m 2 g −1/ No
chemical
activation

2 M KOH/
410 F g −1

at 3 mV
s −1 in a
3-electrode
system.

[99]

4 Hypercross-linked styrene-based
resins filled with graphite
nanoplatelets (GNP). Hyper-
crosslinked
poly(divinylbenzene-co-vinylbenzyl
chloride) based nanocomposites
containing GNP were prepared
through a two-step procedure.
Polymerization was done in an
oven for 24 h at 80°C

1900 m 2 g −1/ No
chemical
activation

0.5 M
H2SO4/60.4
F g −1 in a
3-electrode
system.

[104]
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