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The synthesis strategies of porous carbon 
for supercapacitor (SC) applications, 
including traditional methods and novel 
emerging methods developed in recent 
years, are reviewed in this article. This 
review proposes promising future direc-
tions and synthesis strategies for porous 
carbons used in SC applications. Q4
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of most transition-metal compounds 
(represented by manganese oxide) in 
aqueous electrolytes.[1] As a result, most 
commercially available SCs are EDLCs 
assembled using porous carbon elec-
trodes and organic electrolytes composed 
of tetraethylammonium tetrafluorobo-
rate solute and acetonitrile or propylene 
carbonate solvents.[2] Nowadays, com-
mercial SCs are starting to supplement 
lithium-ion batteries (LIBs) in some 
pivotal but small number of applications. 
These applications include regenerative 
braking systems in hybrid electric vehi-
cles, frequency regulation in smart grid, 
energy storage modules in electronics, 
and uninterruptable power supply.[3]

There are two reasons for the limited 
commercial deployment of SCs. On the 
one hand, the energy densities of SCs 
are limited to as low as 5–8 Wh kg−1 
(≈250 Wh kg−1 for LIB, and ≈ 40 Wh kg−1 

for lead-acid battery).[4] On the other hand, the capital cost per 
watt-hour of SC is much higher than LIB and lead-acid battery.[5] 
The energy storage cost of SCs is ≈20 000 $ kWh−1 which is  
20 times that of LIB (1000 $ kWh−1) and more than 100 times 
that of lead-acid battery (150 $ kWh−1).[6] The high capital cost 
of SC is mainly ascribed to the high cost of porous carbon elec-
trode active materials. Porous carbons used for SC applications 
have high prices ranging from 30 to 50 $ kg−1 depending on 
their specific surface areas (SSAs) and pore volumes which 
are determining factors for the capacitances of SCs.[7] As an 
example, the YP-80F (SSA 2100 m2 g−1) from Kuraray chemical 
costs more than YP-50F (SSA 1660 m2 g−1). The high cost of 
porous carbon increases the cost of SC devices and the levelized 
cost of energy storage devices (LCES). LCES, to some extent, 
limits the widespread of SCs. LCES determines how much we 
spend on energy storage devices per watt-hour energy output 
during its entire lifetime (Equation (1))

LCES
EE

c mC C

n E
=

+

× ×

 (1)

here Cc is the capital cost, Cm is the maintenance cost, n is the 
lifetime cycling number, E is the energy stored in the round-
trip energy storage process (depending on voltage, capacity, and 
its depth of discharge), EE is the energy efficiency. To lower 
LCES, we can either decrease the numerator or increase the 
denominator. Given the advantages of ultralong cycling life, low 
maintenance, and high EE for SCs, if we can lower the Cc of 
SCs to the level of LIB, we can significantly expand their market 

Q5

Supercapacitors (SCs) have experienced a significant increase in research 

activity and commercialization during the past few decades. As the primary 

and most important electrode active material for commercial SCs, porous 

carbon is produced at an industrial-scale through traditional carbonization-

activation strategies. Nevertheless, commercial porous carbon materials 

have some disadvantages, such as high production cost, corrosion of 

equipment, and emission of toxic gases, and byproduct pollutants during 

production. In recent years, huge efforts have been made to develop novel 

synthesis strategies for porous carbon materials. This review focuses on the 

pore formation mechanisms in traditional carbonization-activation methods, 

emerging activation methods, template methods, self-template methods, 

and novel emerging methods for the synthesis of porous carbons for SCs. 

Strategies developed so far for the synthesis of porous carbon materials 

are summarized. The mechanisms and recent advances for each strategy 

are reviewed. Furthermore, proposed are future directions and synthesis 

strategies for porous carbons used in SC applications.
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Q3

1. Introduction

Supercapacitors (SCs) are high-power energy storage 
devices based on the fast accumulation/release of charges 
at the electrode/electrolyte interface through electrostatic or 
electrochemical ion adsorptions. SCs have two subcatego-
ries, including electric double-layer capacitors (EDLCs) and 
pseudocapacitors.[1] The application of pseudocapacitors 
in commercial devices has been hampered by the intrinsic 
high cost of RuO2 and the electrochemical instabilities 

Small Methods 2020, 1900853
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penetration. Hence, the development of low-cost porous carbon 
using simple and scalable preparation methods has significant 
practical implications.

The capacitance and energy of an EDLC-type SC greatly 
depend on the porous architecture of porous carbon electrodes 
which store energy through the electrostatic charge accumula-
tion at the electrode/electrolyte interface. The capacitance of a 
porous carbon electrode can be calculated based on the model 
proposed by Helmholtz, as indicated by Equation (2)

r o
C

A

d

ε ε
=  (2)

where εr is the electrolyte dielectric constant, A is the active sur-
face area of the porous carbon electrode, εo is the permittivity of 
vacuum, and d is the distance of the electric double layer. The 
capacitance of EDLC is proportional to the active surface area of 
porous carbon. Although the pore size and surface chemistry of 
porous carbons influence the construction of the electric double 
layer, the development of high surface area porous carbon is 
the main strategy to enhance the capacitance of EDLC-type 
SC. According to the classification of the International Union 
of Pure and Applied Chemistry (IUPAC), the pores in porous 
materials are classified into macropore (>50 nm), mesopore 
(2–50 nm), and micropore (<2 nm).[8] In the case of electrode 
materials used for SC, macropores of porous carbons serve 
as reservoirs of electrolyte ions. Mesopores serve as the dif-
fusion channels for electrolyte ions. Micropores of porous 
carbon materials play the dominant roles for ion storage since 
micropores contribute more to high SSA and capacitance com-
pared with mesopores and macropores. From the synthetic 
perspective, any carbon sources can be transformed into porous 
carbonaceous materials. Besides, structural parameters, such as 
SSA, pore-size distribution, surface functionalities, and tap den-
sity can be engineered by controlling the synthetic parameters. 
Nevertheless, the preparation of porous carbon relies on empir-
ical protocols using different carbon sources, such as resins, 
petrochemicals, coal, transition-metal carbide, lignin, cellulose, 
and polymers. So, it is imperative to summarize the synthesis 
methodologies of porous carbons into different groups based 
on their pore formation mechanisms (as shown in Figure 1).

Traditionally, porous carbons are prepared by a combined 
carbonization–activation strategy. Generally, carbonization is 
realized by carbonizing organic precursors at temperatures 
ranging from 400 to 1000 °C in an inert atmosphere. Through 
carbonization, we can get nonporous solid carbons known as 
coal char or biochar. Pore-forming agents (porogens) are used to 
create pores in the activation process. The obtained coal char or 
biochar then undergo oxidation reactions with activation agents 
(CO2, O2, air, or H2O in physical activation; KOH, Na2CO3, 
ZnCl2, or H3PO4 in chemical activation).[9,10] Most commer-
cially available porous carbons are produced from coconut 
shells by physical activation using steam as an activation agent, 
which yields porous carbons with high purity and SSA of 
≈1500 m2 g−1. Chemical activation strategy is usually applied to 
produce porous carbons with high SSAs ranging from 1000 to 
3000 m2 g−1 using KOH or NaOH as the activation agents.[11–13] 
The production of chemically activated porous carbons is 
limited to lab-scale due to their high production cost owing to 

the high activation agent/char ratios (normally ranging from 
1 to 5, sometimes up to 10),[14,15] and the high cost of activation 
agent (especially KOH). The SSAs and pore-size distributions 
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of porous carbons obtained by carbonization–activation strategy 
vary with preparation parameters and activation agents, as will 
be discussed later.

Recently, there has been a fast development using novel 
emerging activation agents such as copper chloride (CuCl2) 
and potassium permanganate (KMnO4) for the preparation of 
porous carbons.[16,17] These novel activation agents produce 
porous carbons with high SSA and unique morphologies but 
may generate toxic gases that need further decontamination. 
As the synthesis of chemically activated porous carbons using 

these novel activation agents is not environmentally friendly, 
the search for environmentally benign chemical activation 
agents and green chemical activation processes is critical for 
the sustainable development of porous carbons.

Various template methods have been applied as versatile 
strategies for the preparation and assembly of mesoporous 
carbons.[18] The advantage of template methods is that they 
can finely tune the pore-size distribution by tuning the 
template size, enabling extremely narrow pore-size distribu-
tion. However, the synthesis and removal of templates are 

Small Methods 2020, 1900853

Figure 1. Synthesis methodologies used to produce porous carbons for SC applications. The porogens, pore-forming mechanisms, and structural 
characteristics of the resultant porous carbons are summarized.Q6

Q7
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tedious procedures that increase production complexity and 
cost. Besides, the pore sizes of porous carbons prepared from 
template methods are usually dominated by mesopores, which 
are largely restricted by the template sizes.

Carbide-derived carbons (CDCs) are microporous carbon 
materials produced from a high-temperature etching of metal 
carbides (TiC, SiC, VC2) under chlorine gas atmosphere. CDC 
is the earliest example that uses the self-generated template as 
a porogen.[19] Recently, researchers have become more inclined 
to use abundant alkaline metal-organic salts as the carbon 
precursors by applying self-template strategies. In these strat-
egies, the pyrolysis-generated metal oxides or metal carbon-
ates act as templates and activation agents. To obtain porous 
carbons, these templates are further removed by water or acid 
washing.[20,21] Metal-organic framework (MOF)-derived porous 
carbons can also be grouped into the self-templated carbons, 
as the porogens of these obtained carbons are also generated 
during carbonization.[22] With the fast development of MOFs 
for energy storage applications, more and more elaborately 
designed MOF-derived porous carbons are being produced 
based on the self-template role of MOFs.

Direct pyrolysis of various organic precursors, such as 
co-polymers, chemically treated biomasses, and polyionic 
liquids, has been developed fast since this strategy does not 
need specially added porogens and post-treatments.[23] Direct 
pyrolysis method holds great promise to be exploited as the 
second-generation preparation technology for porous carbon 
electrodes in SCs. In recent years, there has been a fast develop-
ment in using CO2 laser scribing technique to prepare porous 
laser-scribed graphene (LSG) electrodes for SC applications.[24] 
Laser scribing is usually carried out in an ambient environ-
ment without the protection of inert gases. The vast biomass 
precursors that can be used in laser scribing make this tech-
nique attractive to realize renewable graphitic porous carbons 
with different pore architectures. Besides the laser scribing 
technique, there are several emerging carbonization methods 
such as microwave carbonization,[25,26] dehydrogenation/deoxy-
genation,[27,28] and dehalogenation.[29] Some of these methods 
produce porous carbons with high SSAs, which makes these 
techniques promising for the fabrication of SC electrodes. 
Nevertheless, some of these techniques need to be carefully 
designed to obtain effective porogens during carbonization.

There exist many reviews discussing porous carbon mate-
rials for SCs, such as 2D porous carbons,[30] porous carbons 
for flexible and wearable SCs,[31] porous carbons derived 
from copolymers,[23] porous carbons derived from renewable 
biomasses,[32] graphene-based materials,[3] and nanoporous 
carbons from molecular design.[18] These reviews mainly focus 
on the textural properties, surface chemistries, and capacitive 
performances of porous carbons. However, it is important to 
know how these porous carbons are generated through cer-
tain porogens, and the different mechanisms that these poro-
gens undergo for the preparation of porous carbons. Although 
carbon nanotubes and carbon aerogels are commonly used 
as electrode active materials in SCs,[33] they possess relatively 
low SSA and specific capacitance compared with commercial 
porous carbons. Given the above considerations, this review 
focuses on the fundamental mechanism aspects of both tra-
ditional and emerging synthesis strategies of porous carbon 

for SC applications. Additionally, we discuss the remaining 
challenges and suggest new synthesis strategies of porous car-
bons for commercial SC applications.

2. Carbonization–Activation Methods

Porous carbons prepared from combined carbonization–
activation strategies are usually called activated carbons. 
Activated carbons were initially used to describe the activated 
coal chars or biochars with high SSAs that could be used as 
adsorbents for purification or carriers of catalysts. With the 
invention of SC by General Electric’s H.I. Becker in 1957, acti-
vated carbon became the primary and most important electrode 
active material in SC applications. Generally, activated carbons 
are produced by two separate steps, i.e., carbonization and 
activation.[9] Carbonization is usually carried out by pyrolysis 
in an inert atmosphere. Carbonization enables the formation 
of nonporous solid carbonaceous materials with high carbon 
content and low oxygen or hydrogen contents. The obtained 
carbonaceous materials are then activated chemically or physi-
cally to obtain activated carbon.

2.1. Carbonization

Carbonization is a complex physicochemical process in which 
many reactions take place concurrently, such as dehydrogena-
tion, deoxygenation, condensation, crosslinking, hydrogen 
transfer, and isomerization.[34] During the carbonization 
process, dehydrogenation, deoxygenation, and crosslinking 
reactions proceed with the release of volatile compounds, 
finally resulting in carbonaceous residue.[35] Usually, the 
pyrolysis processes are carried out under an inert atmosphere. 
As replacements of pyrolysis, some novel techniques like 
hydrothermal carbonization,[36] microwave-assisted carboniza-
tion,[34] dehydrogenation/deoxygenation enabled by high con-
centrated sulfuric acid,[28] and dehalogenation of halogenated 
organic polymers[37] have also been applied to perform the 
carbonization process. These novel carbonization techniques 
enable the formation of carbonaceous materials with novel 
structures and different chemical compositions compared 
with traditional carbonization methods. Chaiwat et al. reported 
a pressurized hot water treatment of cellulose, which sup-
presses the tar formation by producing a random and highly 
cross-linked carbonaceous structure.[36] Furthermore, Zhao 
et al. investigated the relationship between the torrefaction 
temperature, residence time, and the char yield of torrefied 
corncobs (Figure 2a).[38] Results show that by increasing torre-
faction temperature and residence time, a higher char yield can 
be achieved because the crosslinking and charring of cellulose 
mainly occurred at relatively high temperatures around 300 °C. 
Microwave radiation can penetrate the organic solutions and 
solid organics like lignocellulose, thereby achieving rapid and 
volumetric heating, which enables effective carbonization.[39] 
The advantages of microwave-assisted carbonization include: 
1) reducing heating time; 2) providing volumetric heating; 
3) instantaneous start and stop of heating; and 4) reducing the 
reactor size. Chen et al. employed the microwaves to torrefy 

Small Methods 2020, 1900853
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the biomass in solutions of water or diluted sulfuric acid at 
180 °C.[40] The calorific value of bagasse increased up to 20.3% 
from wet torrefaction, which indicates the partial carbonization 
achieved by microwave carbonization.

Despite these numerous reports on various novel carboni-
zation methods, pyrolysis is still the most common and most 
widely used carbonization technique to prepare carbonaceous 
materials. During pyrolysis, disordered carbons containing 
a relatively large amount of defects form at low temperature, 
while high-temperature results in partially ordered carbons 
were composed of defective graphene layers (Figure 2b).[41] 
The pyrolysis process is so complex that it is hard to be elab-
orated in detail. Generally, in low-temperature pyrolysis, the 
organics experience the following reactions: losing adsorbed 
water (temperature <150 °C), dehydration from the carbo-
hydrate unit, (<250 °C), scission of CO and CC bonds by 
free radical reactions (<400 °C), and aromatization.[42] Because 
the deoxygenation reactions begin at temperatures around 
400–600 °C, the low-temperature carbonized carbon is of high 
oxygen content, while the high-temperature carbonized carbon 
is of low oxygen content. During pyrolysis, the sp2 hybridized 
graphene nanodomains also increase with the decrease of tur-
bostratic sp3 hybridized carbons. Even though the carbona-
ceous structures highly rely on different carbon precursors, 
Kercher and Nagle proposed a general quasi-percolation model 
to describe the structural evolution of carbon during pyrol-
ysis.[43] In the quasi-percolation model, when the carbonization 
temperature is increased above 600 °C, the large turbostratic 
crystallites grew very little, but the graphene sheets grew sub-
stantially. Meanwhile, volumetric shrinkage occurs due to 

the condensation of turbostratic structures. At ≈900 °C, gra-
phene layers significantly impinge on each other. This general 
carbonization scenario of various carbon sources can help us 
understand the physical or chemical activation processes since 
oxygen content (depends on the pyrolysis temperature), crystal 
structure (graphitic degree), and pristine pore (original pores 
in coal char) may influence the pore-forming process in the 
activation process.

2.2. Physical Activation

Physical activation of char usually proceeds with an oxidizing 
atmosphere in a temperature-controlled tube furnace filled 
with inert gases operated at high temperatures ranging from 
600 to 1200 °C. Normally, steam or CO2 is used as activation 
agents in physical activation.[9] Compared with solid chemical 
activation agents (NaOH, KOH), steam and CO2 show low 
corrosive effects with the production facilities, which is more 
suitable for practical application.[44] Researches have shown that 
the physical activation temperatures have nearly linear effects 
on micropore volumes.[45–47] Few pores are developed by gas 
generation, and evolution, the pores in porous carbon mainly 
form through oxidative reactions (Equations (3) and (4)) in 
oxidizing atmospheres (e.g., H2O and CO2) during the physical 
activation process[48]

C H O CO H2 2+ → +  (3)

+ →C CO 2CO2  (4)

Small Methods 2020, 1900853

Figure 2. a) Effects of torrefaction on fast pyrolysis of cellulose. Reproduced with permission.[38] Copyright 2012, Elsevier. b) TEM images and schematic 
illustrations of the physical characterization, Fourier-transform infrared spectroscopy (FT-IR), and Raman spectra obtained for green tea-derived carbon 
under temperatures of 700, 800, and 900 °C (GT-700, 800, and 900). Reproduced with permission.[41] Copyright 2014, Elsevier.
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Physical activation permits tailoring of the pore-size distri-
bution more accurately and narrowly, which results in more 
micropores than the chemical activation. Besides, physical 
activation reduces both the particle and microdomain sizes in the 
resultant activated carbons.[46] Srinivasakannan et al. investigated 
the effects of physical activation using CO2 and chemical activa-
tion using H3PO4 and ZnCl2 on the porous structures of activated 
carbon.[49] Their results show that chemical activations using 
H3PO4 or ZnCl2 as activation agents result in the formation of 
porous carbons with relatively higher tap densities, a higher pro-
portion of mesopores, accompanied by lower weight losses during 
the activation processes. Compared with chemical activation, 
physical activation usually has the characteristics of high activa-
tion temperatures, long activation time, relatively low yields, low 
tap density, small pore sizes, and low SSA (Figure 3a).[46] How-
ever, from a production point of view, physical activation shows 
low corrosion toward the reactor compared with chemical activa-
tion. So physical activation is more feasible and widely used for 
industrial production. To improve the SSA of porous carbons pro-
duced by physical activation, Şahin and Saka produced activated 
carbons from corn shells by physical activation method using 
CO2 and H2O as activation agents and a two-step pretreatment 
using the activated agents of ZnCl2 and HCl. With the increase of 
impregnation concentration of agents, Brunauer–Emmett–Teller 
(BET) SSA and pore volume of the produced activated carbon 
reached to 1779 m2 g−1 and 0.927 cm3 g−1, respectively.[50]

2.3. Traditional Chemical Activation

Compared with physical activation, chemical activation 
offers several advantages: high carbon yields, relatively 

low-temperature processes, and high mesopore ratios in the 
resultant porous carbon.[45,47] A large number of studies have 
demonstrated the synthesis of porous carbon by chemical 
activation with the abundant choices of carbon sources and 
activation agents such as alkaline metal hydroxides, alkaline 
metal carbonates, and phosphoric acids. Besides, researchers 
could exert the unique chemical or structural characteris-
tics of carbon sources to synthesize various porous carbons 
with different pore structures.[43–45] Traditionally, potassium 
hydroxide (KOH),[51,52] sodium hydroxide (NaOH),[53,54] zinc 
chloride (ZnCl2),

[55] phosphoric acid (H3PO4),
[49,56] sodium 

carbonate (Na2CO3),
[57] and potassium carbonate (K2CO3)

[57,58] 
have been used as activation agents. For a high-level summary 
of the effect of traditional chemical activation agents on porous 
carbon, the relationships between the SSA and activation tem-
perature of the activated carbon are shown in Figure 3b for a 
few chemical activation agents.[59] The data indicate that KOH 
is the most powerful activation agent, while NaOH takes the 
second place. Salt activation agents, such as ZnCl2, produce 
porous carbons with lower SSAs. Normally, chemical activa-
tion can produce porous carbons with high SSAs ranging from  
500 to 3600 m2 g−1.[60,61] Lin et al. compared the effects of 
hydroxide activation agents, such as NaOH, KOH and a specific 
mixture of them on the chemical activation of biochar from rice 
husk.[62] The derived activated carbon using NaOH, KOH, and 
the mixture of them were termed as NC, KC, and NKC, respec-
tively. NC, KC, and NKC exhibited SSAs of 2260, 1702, and 
2747 m2 g−1, and pore volumes of 1.31, 0.74, and 1.40 cm3 g−1, 
respectively. Interestingly, NKC possessed the most devel-
oped pore structure and widest pore-size distribution among 
three porous carbon materials. Their results indicate that the 
pore size of all three samples is centered at 1.0 nm with a 

Small Methods 2020, 1900853

Figure 3. a) Structural mechanism model of pore formation in the carbon material using steam and KOH as activation agents. Reproduced with 
permission.[46] Copyright 2016, Elsevier. b) SSAs of porous carbons as a function of the chemical activation agents (KOH, NaOH, ZnCl2, and CaCl2) 
and activation temperatures. Reproduced with permission.[59] Copyright 2017, Elsevier.
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wide range of 0.5–3.0 nm, while NaOH assists the formation 
of mesoporous structure compared with KOH. When used 
as electrodes of SC, NKC displayed a specific capacitance of 
194.6 F g−1 at 0.5 A g−1 tested by galvanostatic charge–discharge 
(GCD) in H2SO4 electrolyte.

Carbonization and activation can be combined in one step. 
The combination of activation and carbonization can result 
in highly macroporous carbons, which is due to the fact that 
organics can be easily decomposed in alkaline media at high 
temperatures. In this regard, the ratio of activation agent/
organic precursor should be controlled below one. Zhang et al. 
synthesized a 3D porous carbon foam (PCF) with one-step car-
bonization of K2CO3 containing chitosan.[63] PCF shows a high 
SSA about 1030 m2 g−1 and micropores centered at 0.66 nm. 
The specific capacitance of PCF was 246.5 F g−1 at 0.5 A g−1, 
while 67.5% of its capacitance was maintained at 100 A g−1. 
Fuertes et al. mixed polypyrrole (PPy) and KOH, and did car-
bonization and activation in one step.[64] The as-prepared 
porous carbon showed an ultrahigh SSA of 3000–3500 m2 g−1 
and a pore volume up to 2.6 cm3 g−1. They further investi-
gated the pore size development along with the activation 
temperature.[65] In the case of PPy used as carbon precursor, 
narrow micropores of 1 nm were formed at 600 °C, and a 
large fraction of mesopores centering at 2.7 nm was formed at 
800 °C. Similarly, Zhang et al. synthesized a hierarchical porous 
carbon by carbonizing lignin and KOH directly.[66] The obtained 
hierarchical porous carbon exhibited an SSA of 907 m2 g−1 with 
a wide pore-size distribution ranging from 0.6 to 40 nm and a 
high specific capacitance of 165.0 F g−1 at 0.05 A g−1 in H2SO4 
electrolyte. Although with the same KOH activation agent, the 
obtained porous carbon materials showed different porous 
architecture, SSA, and specific capacitance, which is resulted 
from the different activation activities of KOH toward different 
organic precursors.

The activation mechanism of the normally used chemical 
activation agents is still not well understood due to the various 
variables and different carbon precursors used in the activation 
process. In the case of KOH, pores formed below 500 °C are 
caused by the evaporation of volatiles from dehydrating reac-
tions or radical reactions.[10] In the chemical activation stage, the 
pores are further developed with the consumption of carbon, as 
shown in Equation (5). Equation (5) normally occurs at temper-
atures lower than 570 °C. Although this reaction occurs at low 
temperature, the produced K further reacts with KOH forming 
K2O. K2CO3 begins to form at around 400 °C due to the reac-
tion between K2O and CO2 pyrolysis gases (Equation (6)).[10] 
KOH is completely consumed at 600 °C. So the main etching 
agents of KOH activation are K2CO3 and K2O (reactions are 
shown in Equations (7) and (8)) around 700 °C. Meanwhile, the 
activation products of CO2 may also take some part in the pore-
forming process due to their physical activation effects

KOH 2C 2K 3H 2K CO2 2 3+ → + +  (5)

K O CO K CO2 2 2 3+ →  (6)

K CO 2C 2K 3CO2 3 + → +  (7)

K O C 2K CO2 + → +  (8)

From the structural consideration, the influences of car-
bonization and activation temperatures on the crystal struc-
ture of porous carbon are still needed to be explored, as 
the graphitic carbon and amorphous carbon show different 
electrochemical behaviors as electrodes of SC. The oxygen-
containing functional groups also need to be investigated, 
as the defective oxygen-containing sites are highly active 
toward chemical activation. Although papers are reporting 
the influence of carbonization temperatures toward chemical 
activation,[67] the influence of carbonization temperatures 
on the crystalline structures and surface functional groups 
of porous carbons need to be studied in detail since the 
oxygen functional groups sometimes limit the cycling life of 
an SC.[68]

Chemical activation is the most widespread method for the 
preparation of porous carbons in lab-scale research. Due to the 
high consumption of the KOH activation agent and the highly 
corrosive environment of KOH at high temperatures toward 
reactors, KOH activation is unlikely to be used in industrial 
production. Besides, chemical activation generates a lot of 
contaminants that are generally high alkaline and polluting. 
Toward future industrial productions, green synthesis methods 
need to be developed, and the quantities of chemical activation 
agents should be reduced.

3. New Chemical Activation Methods

Porous carbon materials with high SSA up to thousands of 
square meters per gram can be easily achieved by chemical 
activation. However, the traditional chemical–activation syn-
thesis strategies suffer from the drawbacks of severe corrosion 
of reactor, small pore size, and pore structure collapse due to 
the high temperatures. Another consideration of chemical  
activation is its environmental impact. Since chemical activation 
produces highly concentrated alkaline pollutants, which need 
to be further treated to minimize the emission of pollutants, 
this inevitably increases the production cost of porous carbon. 
In recent years, there has been a huge effort to search for 
efficient chemical activation agents. Even though these chem-
ical activation agents may not be considered as green agents, 
they provide opportunities to develop new activation strategies 
for the synthesis of porous carbons. These new chemical agents 
can be classified according to their different activation mecha-
nisms into three groups: molten salt, decomposable salt, and 
oxidative salt.

3.1. Molten Salt Etching

Molten salt etching methods are used to describe methodolo-
gies which use corrosive molten chemical agents that react with 
carbon to generate porous structures under high temperatures. 
In recent years, CuCl2,

[17,69] NiCl2,
[70,71] NaCl,[72–74] KCl,[74] 

and FeCl3
[75–77] have been used as molten salts in chemical 

activation. For example, CuCl2 was proved to show less destruc-
tive effect on the natural structure of the biomass precursor, 
while traditional activation agents like KOH and ZnCl2 crushed 
the carbon precursors into carbon fragments in the activation 

Small Methods 2020, 1900853
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process (Figure 4a).[17] The mechanisms of CuCl2 porogen are 
described as follows[69]

3CuCl C 2H O Cu 2CuCl CO 4HCl2 2 2+ + → + + +  (9)

4CuCl C 2H O 4Cu CO 4HCl2 2+ + → + +  (10)

The sphere-like porous carbon prepared from CuCl2 activa-
tion (RPC) exhibited a high SSA up to 2488 m2 g−1, with the 
pore size distributed below 2 nm and pore-size distribution 
centered at 1.2 nm. With the same activation temperature, 

porous carbon derived from ZnCl2 activation (Z-RPC) shows a 
wide pore-size distribution ranging from 1 to 60 nm while the 
pore size of KOH activation porous carbon (K-RPC) is distrib-
uted below 3 nm. Moreover, RPC exhibits a high yield up to 
37.6% based on the raw materials, which is much higher than 
that of Z-RPC (28.3%) and K-RPC (1.4%). When used as elec-
trodes of SC, the porous carbon prepared from CuCl2 activation 
presents a high gravimetric capacitance of 390 F g−1 at 0.5 A g−1 
in 6.0 mol L−1 KOH aqueous electrolyte. The mechanism of 
CuCl2 activation is demonstrated by the formation of Cu and 
CuCl intermediate species. Namely, carbon is oxidized by Cu2+ 

Small Methods 2020, 1900853

Figure 4. a) The preparation schematic diagram of RPC, Z-RPC, and K-RPC as activation agents (left); CV curves of RPC at different scan rates, specific 
capacitances of RPC, Z-RPC, K-RPC, and the blank sample at different current densities and the long-term cycling test measured at 20 A g−1 (inset graph 
is the GCD curves of RPC). Reproduced with permission.[17] Copyright 2018, The Royal Society of Chemistry. b) The preparation schematic diagram 
of HPCS from cornstalk under an air atmosphere (left), electrochemical performances of the symmetric SC in a two-electrode system in 1.0 M H2SO4 
aqueous electrolyte, specific capacitances of HPCS-3//HPCS-3 at different current densities, and Ragone plot (right). Reproduced with permission.[72] 
Copyright 2018, The Royal Society of Chemistry.
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ions. Since there is no mechanism study in this report, the role 
of Cl− ion needs to be confirmed. From a practical production 
view, the outlet gases from CuCl2 activation need to be deter-
mined and purified for green synthesis. The mixture salt of 
KCl and NaCl has also been developed as the molten salt agent. 
Wang et al. investigated the pore-forming mechanism of the 
cornstalk in KCl/NaCl mixture molten slat using thermogravi-
metric techniques.[72] They found that oxygen molecules act as 
an etching agent at lower temperatures, while at temperatures 
of above 800 °C, Cl− ions diffuse into the carbon skeleton and 
etch it, which assists the formation of micro- and mesopores 
(Figure 4b). By employing this strategy, the as-prepared hierar-
chical porous carbon with SSA of 1588 m2 g−1 exhibited a high 
specific capacitance of 407 F g−1 at 1 A g−1. Chen et al. reported 
that the SSAs of porous carbons prepared with the mixture 
molten salt of KCl and NaCl are higher than porous carbons 
prepared with mere KCl or NaCl.[74] With the help of KCl 
and NaCl mixture, porous carbons generate micropores and 
mesopores centered at ≈1.4, 2.7, and 3.8 nm, respectively. This 
research also proved that KCl agent creates more micropores 
and NaCl creates more mesopores from the same carbon pre-
cursor, which is similar to the conclusion of Lin et al.[62] So it 
can be concluded that cations such as K+ and Na+ take part in 
the activation process, which affects the micropore or mesopore 
formation. FeCl3 is another molten salt that can be used as an 
activation agent. Combined with ZnCl2 and KCl, the molten salt 
mixture can produce hierarchical porous carbon with SSAs up 
to 3155 m2 g−1.[76] The role of FeCl3 during activation has been 
investigated.[75] FeCl3 breaks hydrogen bonds below 100 °C and 
depolymerizes organic material at 135 °C. When the tempera-
ture increased to 200–330 °C, dehydroxylation reactions take 
place as shown by Equation (11). At 330–700 °C, the generation 
of Fe2O3 and CO2 promotes the development of micropores, 
as described in Equations (12) and (13). During this process, 
the microporous structure of porous carbon is further devel-
oped by the formation of Lewis acid with the synergistic effect 
of Fe3+ and Cl−. Moreover, the reaction products of iron oxides 
also show a positive influence on the formation of micropores. 
Porous carbon exhibited a relatively stable structure at tem-
peratures ranging from 700 to 800 °C. The reduction reactions 
of iron oxides further modified the microporous structure of 
amorphous carbon (Equations (14)–(16))

FeCl 2H O FeOOH 3HCl3 2+ → +  (11)

FeOOH Fe O H O2 3 2→ +  (12)

Fe O C 4Fe O CO2 3 3 4 2+ → +  (13)

2Fe O 3C 4Fe 3CO2 3 2+ → +  (14)

Fe O 2C 3Fe 2CO3 4 2+ → +  (15)

Fe O 4C 3Fe 4CO3 4 + → +  (16)

The role of Cl− ion in chlorides still needs to be confirmed 
using in situ techniques. Additionally, other porogens, such 
as KOH and NaOH, can be added into the molten salts 
to contribute to the porous structure of carbon products. 

Undoubtedly, the molten salt strategy is milder compared with 
chemical activation methods. However, the high cost of molten 
salt used for preparation is an obstacle for practical production.

3.2. Decomposable Salts Etching

Various salts are decomposable and thus, the decomposition 
gases can etch carbons to form pores. The decomposable salt is 
a huge family with numerous members such as zinc acetate,[78] 
Zn(NO3)2,

[79] NaNO3,
[80] calcium acetate,[81] sodium acetate,[82] 

MgCO3,
[83] sodium chloroacetate,[84] K3PO4,

[85] NaH2PO4,
[86] 

tetraethylorthosilicate, and potassium acid phthalate. Generally, 
Zn salts are regarded as a dehydration agent.[87] The mechanism 
of Zn salts is supposed to promote the formation of double 
bonds between the carbon atoms by capturing H2O molecules 
from organic carbon sources.[88,89] Moreover, it is well-known 
that the condensation reactions of aromatic hydrocarbons, 
such as alkylation and acylation reactions, are more likely to 
take place in the presence of Zn components.[90,91] Thus, Zn 
components can be used as a cyclo-addition porogen. As an 
example, a kind of polyacrylonitrile (PAN)/pitch/lignin-based 
carbon nanofibers (CNFs) with ZnO (PPL-Zn) was fabricated 
by one-step electrospinning the mixture of PAN, pitch, lignin, 
and zinc acetate. The decomposition product, Zn, was removed 
during the high-temperature annealing process. CNF exhibited 
an SSA of 1194 m2 g−1 and a specific capacitance of 165 F g−1 
(Figure 5a).[78] The porous carbon that prepared with decom-
posable zinc acetate presented an SSA almost two times that 
of the CNF fabricated without zinc acetate. Especially as a 
porogen, zinc acetate shows the ability to increase the SSA and 
mesopore volume.

Li et al. fabricated a cross-coupled macro- and mesoporous 
carbon material by using the decomposable and water-remov-
able NaNO3 as porogen in the gelatin biopolymer aerogel 
(Figure 5b).[78] This porous carbon exhibited small-sized 
mesopores (2-4 nm) and macropores (50–150 nm) which gave a 
high SSA of 2872.2 cm2 g−1. NaNO3 begins to decompose above 
600 °C, generating pyrolysis gases of N2, O2, and NO, which 
assists in creating mesoporous structure in the final porous 
carbon product. Antonietti et al. studied a series of salts with 
oxygen-containing anions on their abilities to create pores in 
the molten LiCl/KCl system (melting point of 353 °C).[92] In the 
liquid flux media of LiCl/KCl, a series of oxysalts were used to 
prepare porous carbons with the SSA up to 3200 m2 g−1.[93,94] 
Meanwhile, the pore-forming mechanisms of oxysalt anions 
have been described as follows

OOHH + → + ↑ +−− − −: C 2OH CO H O2
2  (17)

CCOO33
22

+ → +
−− − −: C CO 2CO O3

2 2  (18)

NNOO33 + → + ↑ + ↑−− −: 5C 4NO 5CO 2N 2O3 2 2 2  (19)

PPOO44
33

+ → +
−− − −: a : 2C PO 2CO PO4

3
2
3  (20)

+ → + ↑ +− −b : C 2PO CO 2P 3O2
3 2  (21)

SSOO44
22

+ → +
−− − −: a : C SO CO SO4

2
3
2  (22)
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+ → + ↑ +− −b : 2C SO 2CO S O3
2 2

 (23)

CCllOO33 + → +
−− − −: 3C 2ClO 3CO 2Cl3 2  (24)

Generally, the cations of these salts, such as K+, are 
believed to take part in chemical activation, as described in 
Equations (5)–(8). However, Liu and Antonietti argued that in 
the case of potassium oxysalts, like KH2PO4, it is the anion 
groups of H2PO4

− rather than K+ that manage the carbothermal 
reduction under the temperature below 1000 °C based on ther-
modynamic considerations.[95] The precise mechanism still 
needs to be further analyzed using various physicochemical 
methods and in situ techniques. Based on the above mecha-
nisms, many oxygen-containing salts based on these anions 
have the potential to be used as activation agents.

3.3. Oxidative Salt Etching

The pore engineering of carbon materials can also be achieved 
with oxidative activation agents. Oxidative activation agents such 
as HNO3,

[96–98] KMnO4,
[25,99,100] KNO3,

[101,102] and Mn(NO3)2
[103] 

were used to create porous carbons by oxidizing carbon at 
room temperature or high annealing temperatures. Wang et al. 
treated carbon cloth with KMnO4, HNO3, and H2O2, respec-
tively, at room temperature. After treatment, the SSA of carbon 
cloth increased from 5.3 to 61.2 m2 g−1.[99] Yang et al. fabricated 
single-wall carbon nanohorns (SWNHs) with high SSA up 
to 1464 m2 g−1 and high pore volume about 1.05 cm3 g−1 by 
merely soaking SWNHs with 69% HNO3.

[96] The treatment of 

HNO3 can efficiently produce microporosity in the range of 
0.4–1.9 nm. On the other hand, KMnO4 turned out to be an 
effective porogen for hierarchical porous carbon. When KMnO4 
was applied as an activation agent, the derived carbon exhibited 
more macropores and mesopores compared with the carbon 
materials activated by KOH.[100] A large number of macropores 
and mesopores were generated due to the reactions described 
in Equations (25)–(27). KMnO4 is decomposed into K2MnO4, 
MnO2, and O2. These products play crucial roles in etching 
carbon skeleton and creating mesoporous structure. When the 
temperature increases to 700 °C, the decomposed K2CO3 shows 
apparent influence on the creation of the microporous structure 
of carbon material, which has been discussed in Section 2.3. The 
KMnO4-activated carbon exhibited an SSA up to 1199 m2 g−1  
and a pore volume of 11.7 cm3 g−1. The capacitances of  
KMnO4-activated carbon are 242 F g−1 at 1 A g−1 and 145 F g−1 
at 10 A g−1

2KMnO K MnO MnO O4 2 4 2 2→ + +  (25)

K MnO C K CO MnO2 4 2 3+ → +  (26)

2MnO C 2MnO CO2 2+ → +  (27)

The KNO3 generates huge expansion when carbon is heated 
under an inert atmosphere due to the strong explosive char-
acteristic of KNO3. Wang et al. used KNO3 to put substantial 
inner stress to explode the carbon into slices, as shown in 
Figure 6a.[102] After KOH activation, the obtained porous carbon 
nanosheets (PCNSs) exhibited an SSA up to 2788 m2 g−1, and 

Small Methods 2020, 1900853

Figure 5. a) The preparation schematic diagram of PPL-Zn composite (above). Electrochemical tests of the two electrodes in 6 mol L−1 KOH aqueous 
electrolyte: specific capacitances as a function of current densities, Ragone plots, and the cycling performance over 3000 cycles of PPL-Zn at 1 mA cm−2 
(below). Reproduced with permission.[78] Copyright 2019, Elsevier. b) The synthesis schematic diagram of 3D cross-coupled macro- and mesoporous 
carbon electrode via NaNO3 as porogen strategy and its application in ion liquid-based capacitor at 4 V (above), CV plot, and rate capability of porous 
carbon prepared with NaNO3 porogen (below). Reproduced with permission.[80] Copyright 2018, Wiley-VCH.
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Figure 6. a) The preparation schematic of porous carbons with KNO3 exploding carbon into slices (above). CV curves at a scan rate of 50 mV s−1, 
rate capability as a function of current densities, and cycling stability test of the PCNS-based SC at 5 A g−1 for 10 000 cycles (the inset is the GCD 
profiles of the initial and 10 000th cycles). Reproduced with permission.[102] Copyright 2019, Elsevier. b) The preparation schematic of CNSs (above), 
the correlation of specific capacitances with current densities, Ragone plot, and the GCD cycling performance of CNS (below). Reproduced with 
permission.[104] Copyright 2016, Elsevier.
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high mesopore volume. Because of the high mesopore volume 
of PCNS, PCNS showed a superior rate performance. PCNS 
exhibited a high specific capacitance of 226.9 F g−1 at 1 A g−1, 
while a specific capacitance of 154.3 F g−1 still maintained at 
50 A g−1

2 NH S O NH S O O4 2 2 8 4 2 2 7 2( ) ( )→ +  (28)

NH S O 2NH 2SO H O4 2 2 7 3 3 2( ) → + +  (29)

Another typical oxidative chemical activation agent is ammo-
nium persulfate ((NH4)2S2O8). (NH4)2S2O8 decomposes first 
at temperatures higher than 180 °C (Equation (28)), and finally 
decomposes completely into NH3, SO3, and H2O at tempera-
tures higher than 400 °C (Equation (29)).[104,105] In a one-step 
experiment fabricating PCNSs, camellia petals were mixed with 
(NH4)2S2O8 and carbonized at high temperature (Figure 6b).[104] 
The obtained CNS exhibited a high SSA of 1122 m2 g−1, specific 
capacitances of 227.0 F g−1 at 0.5 A g−1 and 176.2 F g−1 at 20 A g−1.

4. Template Methods

4.1. Hard Templates

Template synthesis is one of the most mature methods to 
fabricated carbon materials with well-defined pore structures 
and narrow pore-size distributions. Hard templates such as 

SiO2,
[106–108] MgO,[109–111] ZnO,[112–114] Al2O3,

[115,116] TiO2,
[117] as 

well as zeolite[118,119] are usually used as templates which can be 
easily synthesized into uniform and regular porous structure. 
The key steps in the hard template methodology include:[120] 
1) fabrication of the desirable hard template, 2) impregnation 
of hard template with carbon sources, 3) pyrolysis under high 
temperature, and 4) etching templates by acid or alkali solution 
etching. Among these oxide templates, silica is one of the most 
mature templates used for mesoporous carbon synthesis, and 
some silica templates have been commercially produced.[107,108] 
Liang et al. fabricated three kinds of mesoporous carbon cata-
lysts using 12 nm SiO2 nanoparticles (silica colloid), ordered 
mesoporous silica (SBA-15), and montmorillonite (MMT) as 
templates.[106] By employing vitamin B12 (VB12) as a carbon 
precursor, the carbon catalyst fabricated with silica nanoparti-
cles exhibited a higher SSA (572 m2 g−1) than that of the other 
samples (Figure 7a).[106] The carbon catalysts fabricated with 
SBA-15 and MMT as templates presented SSAs about 387 and 
134 m2 g−1 with the pore-size distribution centered at 3.5 and 
4.5 nm. Porous anodic aluminum oxide (AAO) is a porous 
hard template that has been widely used for preparing porous 
carbons for nano-functional devices.[121] The porous carbons pre-
pared using AAO templates have evenly distributed pores sizes 
in the range of 50–200 nm, which is too large for SC electrode  
application. Zhao et al. prepared ordered mesoporous carbon 
nanosheets using AAO membrane as template.[116] The 
resultant mesoporous carbon nanosheets had pore sizes of 

Small Methods 2020, 1900853

Figure 7. a) TEM, SEM images, and N2 adsorption isotherms of as-prepared porous carbon electrocatalysts: VB12/silica colloid, VB12/SBA-15, and 
VB12/MMT. Reproduced with permission.[106] Copyright 2013, American Chemical Society. b) The preparation schematic diagram of 3D pillared-PCNSs 
and the corresponding electrochemical performances: CV curves, GCD curves at various current densities, and specific capacitances versus scan 
rates of the as-prepared carbon materials. Reproduced with permission.[110] Copyright 2012, Wiley-VCH. c) The schematic diagram for one-step nano-
templated CO2 conversion into porous carbons, and the corresponding CV curves, specific capacitances at various current densities of the porous 
carbons. Reproduced with permission.[123] Copyright 2018, Elsevier.
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hundreds of nanometers, tens of micrometers in length, and 
sheet thickness values of about 1 nm. Thus, the structural fea-
tures of porous carbons prepared using the hard templates 
greatly depend on the properties of the templates used.

Magnesium oxide (MgO) can be easily synthesized with 
morphologies of 2D sheets and 3D clusters, and conse-
quently, many porous carbons have been synthesized using 
MgO templates. Fan et al. proposed a strategy to fabricate a 
large number of new porous carbons using MgO templates 
with different morphologies, such as MgO nanoparticles and 
Mg(OH)2 nanosheets (Figure 7b).[110] Self-supporting lay-
ered 3D pillared-PCNSs with an average mesopore size of 
7 nm were formed during the carbonization of coal tar pitch. 
In this strategy, carbon layers were deposited on the MgO 
nanosheets, so the porous carbon inherited the morphology 
of MgO templates. The structure of 3D pillared-PCNSs can 
be controlled by changing boiling times, which makes the 
fabrication strategy easy to control. When used as an elec-
trode material for SC, the 3D pillared-PCNSs with SSA up to 
883 m2 g−1, exhibited a high gravimetric specific capacitance 
of 289 F g−1 at 2 mV s−1 and a high capacitance retention ratio 
of 76% at a scan rate of 1000 mV s−1 compared with the spe-
cific capacitance obtained at 5 mV s−1. In some cases, carbon 
sources can also be combined with chemicals that generate 
gases during the pyrolysis process. In this way, the porogens 
are bifunctional, and pore sizes less than the templates can 
thus be generated. Hu et al. used a 3D flower-shaped MgO 
as a template and synthesized nitrogen-doped porous carbon 
using cellulose acetate as a decomposable carbon source 
and urea as a nitrogen source.[122] The as-synthesized hier-
archical porous graphene-like carbon displayed ultrathin 
graphene-like sheets and an SSA of 937 m2 g−1. A high spe-
cific capacitance of 333 F g−1 at 1 A g−1 was achieved with 
the hierarchical porous graphene-like carbon as SC electrode 
material. The specific capacitance of hierarchical porous gra-
phene-like carbon at 10 A g−1 retained 84% compared with the 
capacitance measured at 1 A g−1. Besides the high gravimetric 
specific capacitances achieved with hard template methods, 
the enhancement of volumetric capacitance can be achieved 
by reducing the macropores and mesopores derived from hard 
template methods. Bu et al. obtained a high-density porous 
carbon named CCNC (collapsed carbon nanocage) by depos-
iting a thin shell on the MgO template and then collecting the 
collapsed sample after removing the MgO template.[21] The 
CCNC with a high compaction density of 1.32 g cm−3 exhib-
ited an SSA of 1788 m2 g−1 and a pore volume of 0.79 cm3 g−1. 
Using ionic liquid electrolyte, the CCNC achieved a high volu-
metric energy density of 73 Wh L−1 with a maximal volumetric 
power density of 67 kW L−1.

Because of the well-shaped tunnel or hollow oxides, the hard 
template method can be easily combined with other novel syn-
thesis strategies. Kim et al. proposed a single-step process to 
convert CO2 into hierarchical porous carbon by using NaBH4 as 
a reducing agent and CaCO3 as a nano-template (Figure 7c).[123] 
The NaBH4 and CaCO3 were mechanically mixed and heated 
up to high temperatures under a CO2 gas flow. The as-prepared 
porous carbon showed an SSA up to 1262 m2 g−1 with a broad 
pore-size distribution ranging from 10 to 50 nm. The gravi-
metric specific capacitance of porous carbon was 170 F g−1 at 

20 A g−1 with a high capacitance retention of 63% with respect 
to the capacitance obtained at 1 A g−1.

One unique template mentioned here is zinc metal. Zn 
metal has a special feature that can be removed through evapo-
ration under high temperatures.[90,91] In the case of Zn species 
used as templates, the removals of templates are not necessary 
if the preparation goes through high-temperature treatment 
due to the relatively low boiling point of zinc (907 °C).[114] Zinc 
metal can be directly used as a template for the synthesis of gra-
phitic porous carbons, in which various organics can be used as 
carbon sources. At an annealing temperature of 550 °C, zinc 
metal and sucrose mixture were directly carbonized into porous 
graphitic carbons through a one-step pyrolysis process.[124] 
In this case, the zinc metal may act as a soft template, as the 
melting temperature of zinc is as low as 420 °C. Zinc metal 
template strategy can also be used to synthesize mesoporous 
zinc-guided graphene (ZNG) monolith using glucose as carbon 
source,[125] in which metal zinc introduces a metal–carbon 
interaction tiering process beyond the templating role of zinc. 
The ZNG possessed an SSA as high as 2020 m2 g−1 and small 
pores of 2.0–3.0 nm, which enabled a high specific capaci-
tance of 336 F g−1 in 1 mol L−1 H2SO4 electrolyte. Zinc metal 
can be used as a template and graphitic carbon nitride (g-C3N4) 
as a carbon source to synthesize porous graphenes.[126] As the 
g-C3N4 cannot be converted to carbon at high annealing tem-
peratures, the interaction between zinc and g-C3N4 is important 
for the growth of graphene over the zinc catalyst, which needs 
further investigation. By introducing CO2 as a carbon source, 
Xing et al. used Mg powder as a reduction agent to convert CO2 
into carbon, and Zn as the metal reductant to induce micropo-
rous structure. The resultant nanoporous graphene exhibited a 
high SSA of 1900 m2 g−1 and a specific capacitance of 190 F g−1 
at 10 A g−1.[127]

Carbide is another hard template for porous carbon syn-
thesis. CDCs are produced by chlorine gas etching of metal 
carbides, in which metals and metalloids are removed as vola-
tile chlorides. CDC turns out to be a nanoporous carbon with 
a narrow pore-size distribution, usually around 0.5–3 nm, and 
high SSA, beyond 2000 m2 g−1.[128,129] Particularly, the SSA and 
pore-size distribution of CDCs depend on the carbide precur-
sors and synthesis parameters. By controlling the synthesis 
parameters, such as chlorination temperature, the CDCs usu-
ally show a narrow pore-size distribution (0.6–1.1 nm).[128] 
To achieve hierarchical porous CDCs, the composite precur-
sors of carbide and Si,[130] polymer,[131] as well as any other 
materials[132–134] have been investigated. Gogotsi et al. fabricated 
a CDC with hierarchical pores by high-temperature chlorina-
tion of macroporous polymer-derived silicon carbide.[135] The 
as-prepared CDC exhibited a high SSA exceeding 2300 m2 g−1, 
high micropore and mesopore volume of 1.1 cm3 g−1, and high 
macropore volume of 7.45 cm3 g−1.

Through the hard-template method, porous carbons with 
uniform and controllable pores can be synthesized easily. 
However, the preparation of the template itself is costly, time-
consuming, and tedious. Another challenge is the ability to 
tailor the wall thickness of pores, which is the key factor for 
controlling the pore sizes of as-prepared carbon materials.[136] 
Besides, inorganic templates have to be removed by acid or 
alkali etching, which hinders their practical applications.[18] 
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The unique templates (like zinc) give us more opportunities 
to carbonize those carbon sources that cannot be carbonized 
using traditional methods. By using these novel templates, the 
interaction between carbon sources and templates need to be 
studied thoroughly.

4.2. Soft Templates

In a soft template synthesis strategy, the templates are usu-
ally organic molecules or supermolecules with functional 
groups.[84,121] In the particular solvent, the functional groups 
of soft templates can provide strong interaction force, such 
as hydrogen bonding,[137,138] hydrophilic and hydrophobic 
interactions,[139,140] or electrostatic interactions.[141,142] Once the 
proper solvent is added, the soft templates turn into micelles. 
The micelles combined with carbon sources result in heterog-
enous composites that turn into carbon materials with special 
porous architectures during the carbonization process.[143–145] 
In particular, the pore size of carbon can be enlarged or 
decreased by controlling the ratio of solvent and micelle.

Although the mesoporous carbon can be prepared by car-
bonizing the mixture of carbon source and soft template, the 
requirements to develop soft templates are stringent and 
complex. The first attempt to synthesize mesoporous carbon 
with cetyltrimethylammonium bromide is based on the Cou-
lombic interaction between the surfactant with positive charge 
and the phenolic resin with negative charge.[143] However, no 
mesoporous carbon was obtained because the micelles col-
lapse before the formation of a carbon skeleton at tempera-
tures of about 200 °C. A successful soft template must satisfy 
several important requirements:[120] 1) the ability to assemble 
into nanostructures, 2) inclusion of at least one component 
can turn into micro- or mesopores, and 3) sustaining the soft-
template porogens before the formation of the carbon skel-
eton. According to these basic principles, the soft templates 

like polystyrene-b-poly(4-vinylpyridine) (PS-P4VP),[146] the 
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(-ethylene 
oxide) (PEO-PPO-PEO) (F127,[147–149] F108,[150] and P123[149,151]) 
and some surfactants have been developed rapidly.

Liang et al. developed a method to form strong covalent 
interactions between carbon precursors and soft templates 
during the self-assembly process.[152] The commercial triblock 
copolymer EO106-PO70-EO106 (F127) and the phenol–
formaldehyde resol were combined with a stable covalent bond 
which was formed by the replacement of the chain end of 
F127 from aldehyde group into hydroxyl-methyl group. With 
the enhanced interaction between resol and soft template, the 
as-prepared ordered cubic mesoporous carbon exhibited an 
SSA of 637 m2 g−1 and a pore volume of 0.32 cm3 g−1 which 
endows it a specific capacitance of 159 F g−1 at 10 mV s−1. 
Peng et al. explored a synthesis route to fabricate a series of 
highly uniform polymer nanospheres, with various surface 
morphologies (smooth, golf ball type, multichambered, and 
dendritic nanospheres) (Figure 8a).[147] In this synthesis route, 
F127 was employed as a soft template and the organic mol-
ecule, 1,3,5-trimethylbenzene, was used to affect the interfacial 
interaction between the soft templates and carbon precur-
sors. Through this method, carbon nanospheres achieved an 
ultralarge pore size of 37 nm, a small particle size of 128 nm, 
an SSA of 635 m2 g−1, and a high N doping ratio of 6.8%. 
In some cases, ordered mesoporous carbon spheres can be 
synthesized by the simple one-step route. Wang et al. used F127 
as the soft template for the preparation of mesoporous carbon 
spheres in a one-step pyrolysis strategy.[149] The as-obtained 
mesoporous carbon spheres possessed an SSA of 439 m2 g−1 
and a uniform mesopore size of 5 nm. When used as SC elec-
trodes, the mesoporous carbon spheres delivered a gravimetric 
specific capacitance of 288 F g−1 at 1 A g−1 with capacitance 
retention of 66% at 50 A g−1 (Figure 8b). Besides block pol-
ymers, surfactants like Triton X-100 can also be used as soft 
templates to prepare hollow carbon nanospheres (HCNs).[153] 

Small Methods 2020, 1900853

Figure 8. a) Versatile nanoemulsion assembly approach to synthesize functional mesoporous carbons. Reproduced with permission.[147] Copyright 2019, 
American Chemical Society. b) GCD curves (above), specific capacitances as a function of current density, and Nyquist plots (below) of mesoporous 
carbon spheres. Reproduced with permission.[149] Copyright 2017, Elsevier.
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The hollow carbon spheres derived from the Triton X-100 
template method exhibited an SSA around 893.3 m2 g−1 with 
a corresponding total pore volume of 0.76 cm3 g−1. The soft 
template methods are in principle more attractive than hard 
templates for the synthesis of mesoporous carbons since we 
do not need to remove the soft templates after carbonization. 
The main bottleneck is that the as-prepared porous carbon is 
mesopore-dominated, and it is hard to obtain high SSA and 
high specific capacitance. To pursue high SSAs, researchers 
also tried to combine chemical activation and soft template 
methods.[154]

4.3. New Emerging Templates

Recently, novel templates such as ice (water),[155–157] Mxene 
(Ti3C2Tx),[158,159] as well as melamine[160–162] have been adapted 
to fabricate functional porous carbons. For example, ice tem-
plates can be applied to various carbon sources to fabricate the 
3D macrostructures according to the following procedures:[163] 
1) the precursors are dissolved in water or in hydroalcoholic 
mixture with a suitable catalyst; 2) the precursors undergo 
gelation at mild temperatures; 3) the gel is frozen and the 
frozen solvent is removed by freeze-drying or solvent exchange; 
4) the dry gel is carbonized in an inert atmosphere to produce 
carbon cryogels. Both of the initial composition of suspension 
and the parameters during the freezing process are critical for 
the 3D macroporous carbon fabrication. Park et al. achieved an 
ordered 3D lamellar microstructure CNTs by employing ice as 
a template.[155] By changing the concentration of chitosan in the 
CNT suspension, disordered, lamellar, and cellular macropo-
rous carbonaceous structures can be synthesized successfully. 
Zhang et al. prepared a hierarchically porous sulfur-containing 
activated carbon by ice-templating an aqueous sodium poly 
(4-styrenesulfonate) with thermal treatment (Figure 9a).[157] 
In the thermal treatment, the carbon precursor generates 
Na2SO4 which contributes to the porous structure and SSA 
of porous carbon. The derived porous carbon exhibited a 
macropore volume of 3.19 cm3 g−1 with the macropores pre-
dominantly locating in the ranges of 1–3, 5–7, and around 
100 µm. The macropore SSA created by ice templating was 
measured to be 73.66 m2 g−1, with an average pore diameter of 
2.80 µm. Because ice template is good at introducing macropo-
rous structures into carbon materials, the resultant porous 
carbon is usually of low SSA. Chemical activation is needed 
to enhance the SSA and specific capacitance of these carbons. 
Umar et al. prepared a hierarchical porous carbon with macro 
and mesoporous architectures using ice templates, and the 
micropores on mesoporous carbon walls were achieved by 
chemical activation.[164] When this hierarchical porous carbon 
was used as an electrode in solid-state SC, a specific capacitance 
of 142.1 F g−1 was obtained at 0.5 A g−1.

MXene is a series of 2D transition metal carbides, carbon-
itrides, and nitrides whose formula is Mn+1XnTx.[165] Here M 
represents a transition metal, X represents carbon or nitrogen, 
and Tx represents the surface termination. MXene itself is a 
pseudocapacitive electrode material. Furthermore, MXenes 
can be used as hard templates for the preparation of porous 
carbons due to its 2D morphology and abundant surface 

terminations. Moreover, when MXene is used as a template, 
polar organic molecules can spontaneously intercalate into 
the interlayer spaces and occupy the active sites on the sur-
face of MXene. Wang et al. used Ti3C2, the most well-studied 
MXene, as a 2D host and injected the low-molecular-weight 
phenolic resol and the amphiphilic triblock copolymer F127 
into MXene.[158] After carbonization and chlorination, they 
obtained MXene-derived carbon (MDC-OMC) with 2D–2D het-
erostructure (Figure 9b). The MDC-OMC possessed an SSA of 
1021 m2 g−1 and exhibited a specific capacitance of 249 F g−1 
at 1 A g−1 in a 6 mol L−1 KOH electrolyte. MDC-OMC still  
displayed a high specific capacitance of 188 F g−1 at 40 A g−1. 
Melamine is a template that can be incorporated into the 
carbon framework. Melamine decomposes to g-C3N4 and finally 
decomposes completely resulting in macropores. He et al. syn-
thesized a honeycomb-like porous carbon (HPC) using coal tar 
pitch as a carbon precursor with melamine as a template cou-
pled with the KOH activation technique.[161] Melamine decom-
posed at high temperatures (> 650 °C) and formed macro- and  
mesopores in the HPC framework. The HPCs exhibited an 
SSA of 2038 m2 g−1 and pore volume of 1.07 cm3 g−1 which 
endowed its specific capacitances of 221 F g−1 at 0.05 A g−1 
and 179 F g−1 at 20 A g−1. In addition to the above templates, 
some particular metal nanoparticles can be used as templates 
for porous carbon synthesis. Hou et al. synthesized a carbon 
nano-cage by CO2 reduction with the Mg metal ribbon as a 
reducing agent and template.[166] The obtained carbon material 
displayed an SSA of 806 m2 g−1, a narrow pore size centered 
at 6–7 nm, and a pore volume of 1.51 cm3 g−1. This carbon 
nano-cage showed a high specific capacitance up to 304 F g−1 
at 2 mV s−1 and a high specific capacitance of 96 F g−1 at 
1000 mV s−1.

Basically, compared with activated carbons, the features of 
porous carbons derived from template methods usually pos-
sess macro- and mesopores and relatively low SSA (several 
hundreds of square meters per gram).[92,96] The new emerging 
template methods are capable of fabricating 3D functional 
macroporous carbons or graphene-like materials. For the fab-
rication of carbon materials with high SSA, high pore volume, 
and high ratio of micropores, chemical activation methods need 
to be applied, which limits the commercial potential of tem-
plate-based methods for the synthesis of porous carbons as SC 
electrodes.[80,167,168] On the other hand, the template methods 
can be used to fabricate high-frequency response SCs based on 
their macroporous structures.

5. Self-Template Methods

Both activation agents and templates used in the above methods 
are porogens that are needed to be added. There are also some 
porous carbon fabrication strategies that use self-generated 
porogens,[169] which we henceforth designate as self-template 
methods. In this section, we discuss the strategies used to fab-
ricate porous carbon materials by directly carbonizing the self-
templated materials,[170] such as ethylenediamine tetraacetates 
(EDTA)-based salts,[171,172] glycolates,[173] MOFs[174] and their 
derivatives,[175] biomass-based organic salts,[176] as well as other 
special self-templated organic materials.

Small Methods 2020, 1900853
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5.1. Organic Salts as Carbon Sources

As an example of organic salt methods, interconnected porous 
carbon nanosheets (IPCNs) with SSA up to 1736 m2 g−1 were 
synthesized by the carbonization of potassium and sodium 
citrate salts.[177] The IPCN was determined to have a thick-
ness of 20–50 nm and a length of 0.5–2 µm. By optimizing 

the ratio of potassium citrate and sodium citrate at 2:8, IPCN 
with a high specific capacitance of 200 F g−1 at 5 mV s−1 was 
achieved (Figure 10a). In another study, zinc and calcium 
citrates with combination melamine were used to prepare the 
N-doped mesoporous carbon with SSAs of 1190–1350 m2 g−1 
and mesopore size around 11 nm.[178] By carbonizing the pure 
sodium citrate, the ultrathin porous carbon shells with SSAs of 

Small Methods 2020, 1900853

Figure 9. a) The preparation schematic diagram of ice-templated hierarchical activated carbon (left); N2 adsorption and desorption isothermals 
at different degas temperatures and pore-size distribution of ice-templated hierarchical activated carbon (right). Reproduced with permission.[157] 
Copyright 2015, Elsevier. b) The preparation schematic diagram of the MDC-OMC composite using MXene as template (left), the corresponding CV 
curves at various scan rates and the capacitances at different current densities for the MDC-OMC (right). Reproduced with permission.[158] Copyright 
2017, Nature Publishing Group.



U
N

C
O

R
R

E
C

T
E
D

 P
R

O
O

F

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59 

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900853 (17 of 31)

www.advancedsciencenews.com www.small-methods.com

400–600 m2 g−1 and pore size of 1 nm were achieved.[179] The 
ultrathin porous carbon shells exhibited a gravimetric specific 
capacitance up to 251 F g−1 at 1 A g−1 and 228 F g−1 at 20 A g−1. 
A hierarchical microporous/mesoporous carbon nanosheet 
with a high SSA of 1890 m2 g−1 was fabricated by direct pyrol-
ysis of sodium gluconate.[180] Due to their hierarchical micropo-
rous/mesoporous structure, this carbon nanosheet exhibited a 
high specific capacitance of 140 F g−1 at 150 A g−1. Xu et al. 
prepared a nitrogen-doped porous carbon by the pyrolysis of 
EDTA disodium magnesium salt.[172] The obtained nitrogen-
doped porous carbon exhibited an SSA of 1811 m2 g−1 and a 
pore volume of 1.16 cm3 g−1, while the specific capacitances of 
the nitrogen-doped porous carbon were 281 F g−1 at 0.05 A g−1 
and 196 F g−1 at 20 A g−1. Similarly, EDTA disodium zinc salt 
was used as a self-templated carbon precursor.[181] Porous 
carbon derived from EDTA disodium zinc salt possessed a high 
SSA of 1368 m2 g−1 and exhibited a high specific capacitance of  
275 F g−1 and an excellent rate capability (207 F g−1 at 100 A g−1).  
Through the direct pyrolysis of potassium citrate, highly 
porous interconnected carbon nanosheets (PCNS) with SSA of 

2220 m2 g−1 were fabricated at 850 °C.[182] The synthesis scheme 
from potassium citrate to PCNS is described in Figure 10b. The 
potassium citrate-derived 2D PCNS exhibited a microporous 
architecture with pore sizes centered around 0.7–0.85 and 0.95–
1.6 nm and thickness less than 80 nm. The PCNS showed a 
good rate performance, where specific capacitances of 134 F g−1 
at 5 A g−1 and 120 F g−1 at 150 A g−1 were obtained using com-
mercial 1 M TEABF4/AN electrolyte. In another study, bacterial 
cellulose (BC) and potassium citrate were mixed to fabricate 
CNFs-bridged PCNS.[183] As shown in Figure 10c, the potas-
sium citrate serves as the self-templated carbon precursor while 
the BC bridge turns into CNFs which provides the 3D structure 
to integrate porous carbon. The as-prepared PCN/CNF com-
posite exhibited an SSA of 1037 m2 g−1 and a specific capaci-
tance up to 261 F g−1 in aqueous electrolyte. Similarly, porous 
carbon with a high surface area of 1094 m2 g−1 and pore sizes 
distributed in a wide range from 1 to 100 nm were fabricated 
by direct calcination of sodium citrate.[184] Li et al. synthe-
sized mesoporous CNFs with the thermal treatment of zinc 
glycolate at 600 °C (Figure 10d).[173] Zinc glycolate decomposed 
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Figure 10. a) The preparation schematic diagram of IPCN (above), the corresponding CV curves at 5 mV s−1, the specific capacitances at different 
scan rates and cycling stability tested in 6 mol L−1 KOH (below). Reproduced with permission.[177] Copyright 2017, Elsevier. b) The synthesis scheme 
for PCNSs from potassium citrate (above); the corresponding GCD curves and Ragone plot of the PCNS samples tested in 1 M tetraethylammonium 
tetrafluoroborate in acetonitrile (TEABF4/AN) electrolyte (below). Reproduced with permission.[182] Copyright 2014, American Chemical Society. 
c) Scheme illustration of the synthesis of the PCN/CNF composite (left), the corresponding CV curves at 20 mV s−1, specific capacitances at different 
scan rates of PCN/CNF composite tested in 6 M KOH electrolyte (right). Reproduced with permission.[183] Copyright 2016, Elsevier. d) The schematic 
illustration of the formation process of CNFs. Reproduced with permission.[173] Copyright 2011, Wiley-VCH.
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into ZnO/carbon composite in which ZnO was homogenously 
dispersed in the carbon matrix with average particle sizes of 
≈4 nm. After acid etching, the ZnO/carbon composite was 
transformed into mesoporous CNFs. The mesoporous CNFs 
exhibited a high SSA of 1725 m2 g−1 with a large pore size of 
3.4 nm, and a high specific capacitance of 280 F g−1.

5.2. MOF Derivatives as Carbon Sources

Due to the versatile, tunable porous structure and composi-
tion of MOFs, MOF is a promising material platform for the 
synthesis of various porous and functional carbon materials. 
The metal components inside MOFs can be directly used as 

self-templates during the pyrolysis processes of MOFs. An 
assembled CNTs array was obtained by the carbonization of 
MOF at a low pyrolysis temperature of 430 °C.[185] Various 
morphologies of the assembled carbon can be achieved by 
modulating Co, Fe, and Zn MOFs. As shown in Figure 11a, the 
as-prepared CNTs exhibited a uniform assembled morphology 
with a high SSA of 1389 m2 g−1. Chen et al. prepared hollow 
particle-based N-doped CNFs (HPCNFs-N) by the electrospin-
ning of PAN/ZIF-8 composite (Figure 11b).[186] The HPCNFs-N 
exhibited a high SSA of 417.9 m2 g−1 and specific capacitances 
of 307.2 and 193.4 F g−1 at 1 and 50 A g−1, respectively. PCNSs 
can be fabricated by pyrolysis of K-MOF nanorods at temper-
atures of 200, 450, and 800 °C (Figure 11c).[187] The carbon 
nanosheets possessed the highest SSA of 1678 m2 g−1 among 
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Figure 11. a) Synthesis and characterization of N-doped CNT-assembled hollow dodecahedra from zeolitic imidazolate frameworks (ZIF-67). Reproduced 
with permission.[185] Copyright 2017, American Chemical Society. b) Schematic illustration of the synthesis of HPCNFs-N, SEM, and TEM images of 
the PAN/ZIF-8 composite nanofibers. Reproduced with permission.[186] Copyright 2017, The Royal Society of Chemistry. c) Schematic illustration of the 
synthesis of K-MOF rods under solvothermal conditions and morphologically controlled synthesis of 2D hierarchical nanoporous carbon sheets derived 
from K-MOF under various carbonization conditions. Reproduced with permission.[187] Copyright 2018, Wiley-VCH. d) Schematic illustration showing 
the fabrication process for porous carbon using MOFs and graphene oxide as precursors. Reproduced with permission.[188] Copyright 2016, Elsevier. 
e) Scheme depicting the fabrication of NHCSF from ZIF-8/PP-SiO2 precursor. Reproduced with permission.[189] Copyright 2018, Elsevier. f) Schematic 
illustration of asymmetrical SC containing nanoporous Co3O4 and nanoporous carbon as the positive and negative electrodes, respectively. Reproduced 
with permission.[190] Copyright 2015, American Chemical Society.
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various MOF-derived porous carbons, which may be ascribed 
to the small-sized potassium compounds after pyrolysis and 
the possible activation effect of potassium oxide and carbon-
ates. Carbon nanosheets presented a specific capacitance 
up to 233 F g−1 at a low scan rate of 5 mV s−1 in the H2SO4 
electrolyte. Wang et al. synthesized a “brick-and-mortar” type 
sandwiched porous carbon (C-GMOF) by using MOF-5-derived 
porous carbon film as “mortar” and the graphene nanosheets 
as “brick” (Figure 11d).[188] The C-GMOF showed a relatively 
low SSA (979 m2 g−1) and a relatively wide pore distribution 
(1–8 nm) compared with porous carbon derived from MOF-5 
(C-MOF) (1117 m2 g−1 and 1–4 nm). The assembled “brick-
and-mortar” C-GMOF exhibited high specific capacitances of 
345 F g−1 at 2 mV s−1 and 201 F g−1 at 2 V s−1. Since MOFs 
are synthesized in a solvent environment, the design of MOF 
composites with advanced structures can be realized by com-
bining MOFs with other functional materials. A hollow carbon 
shell framework (NHCSF) was fabricated by the carbonization 
of core–shell hybrid precursors (ZIF-8-PP-SiO2).

[189] The core–
shell hybrid precursors were obtained by depositing a zeolitic 
imidazolate framework (ZIF 8) on the polyelectrolyte-decorated 
silica (Figure 11e). The as-prepared NHCSFs with SSAs of 
585–847 m2 g−1 displayed high capacitances up to 253.6 F g−1 
at 1 A g−1 and 200.4 F g−1 at 50 A g−1. With the molecular scale 
special tunable structure of MOF, Salunkhe et al. assembled 
an SC by using the nanoporous carbon and nanoporous cobalt 
oxide materials derived from a single ZIF-67 (Figure 11f).[190] 
The ZIF-derived carbon possessed an SSA of 350 m2 g−1, and 
the SC exhibited a capacitance of 101 F g−1 at 2 A g−1.

5.3. Other Self-Template-Derived Methods

Biomass is abundant, cheap, readily available, and most impor-
tantly, is renewable. High value-added utilization of biomass 
is regarded as a green solution for waste disposal problems in 
the agricultural industries.[176] Moreover, by taking advantage of 
the unique bio-organized natural structures of biomass, carbon 
materials with hierarchical porous architectures, and excellent 
electrochemical performances of SCs can be achieved.[191] BC 
is a common biomass precursor with 3D networks consisting 
of superfine nanofibers (≈50 nm in diameter).[192] A 3D net-
work structure consisting of numerous intertwined CNFs with 
a diameter of 30–60 nm was obtained by freeze-drying and 
carbonization of the BC aerogel. After coating, the polyaniline-
coated BC nanofibers exhibited a high specific capacitance 
of 238.4 F g−1 at 0.5 A g−1. Zhang et al. prepared a rice husk-
derived carbon (RHC) through direct pyrolysis of rice husk 
in a sealed tube furnace without the injection of N2.

[193] RHC 
showed an SSA of 337 m2 g−1, a pore size centered at 0.7 and 
3.6 nm, and a pore volume of 0.207 cm3 g−1. Nano-SiO2 parti-
cles inside RHC were etched by NaOH to prepare RHPC that 
exhibited an SSA of 527 m2 g−1, a pore size centered at 0.8 and 
3.4 nm, a pore volume of 0.327 cm3 g−1, and a specific capaci-
tance of 110 F g−1 at 0.1 A g−1. Zhang et al. also proposed a gen-
eral strategy for the preparation of porous carbon from general 
lignocellulose-based biomasses.[194] In this strategy, lignin was 
extracted from onion by KOH etching and transformed into a 
lignin potassium salt. The lignin potassium salt from onion 

was pyrolyzed into porous carbon materials (OPC). OPC exhib-
ited a high SSA of 1910 m2 g−1 dominated by micropores and 
a high gravimetric specific capacitance of 200 F g−1. Using this 
etching strategy, generally, any lignin-containing biomass can 
be treated and transformed into porous carbons under pyrol-
ysis. More generally, efficient methods need to be developed 
to prepare porous carbons derived from celluloses using self-
template strategies.

6. Direct Pyrolysis Methods

6.1. Direct Pyrolysis of Conjugated Copolymers

The pursuit of facile and green preparation techniques for 
porous carbon materials for SC electrodes remains an active 
research area. Although traditional carbonization–activation 
methods can prepare porous carbons with controllable SSAs, 
and pore-size distributions, the templates or the residues of 
activation agents after carbonization and activation need to 
be removed completely. Hence, activation-free methods are 
becoming more attractive. In typical pyrolysis processes of 
organics, organic sources decompose and release gases (e.g., 
H2O, CO2, NH2, and CO), where the pyrolysis gases function 
as porogens. However, most pyrolysis gases are released at 
relatively low temperatures when the evolving carbon skeleton 
is not robust enough to sustain pores. As a result, when poly-
aniline (PANi) or PPy were used as precursors for nitrogen-
doped carbons, PANi or PPy-derived carbons showed low SSAs 
around 100–300 m2 g−1, which are too low to be used in SC 
applications.[195,196] Nevertheless, when aniline and pyrrole are 
co-polymerized into a PANi-co-PPy (PACP) conjugated copol-
ymer, PACP acts as a unique precursor for porous carbons. 
Wu et al. synthesized PACP hollow spheres with the assis-
tance of Triton X-100 soft template and used it as a precursor 
for porous HCNs (Figure 12a).[197] By controlling the pyrolysis 
parameters, such as carbonization temperature, heat ramping 
rate, and carbonization time, the SSA and pore-size distribu-
tion of HCNs can be finely engineered. Compared with tradi-
tional template-assisted carbonization and activation methods 
for the synthesis of HCNs, the direct pyrolysis of PACP showed 
unique simplicity and low-cost advantages. HCN-900-20H2R 
sample (carbonization temperature is 900 °C, carbonization 
time is 20 h, and the heat ramping rate is 2 °C min−1) showed 
unexpectedly high SSA of 3022 m2 g−1 which guarantees a 
moderate gravimetric specific capacitance of 200 F g−1 and good 
rate capability (Figure 12b). The ultrahigh SSA did evolve from 
the unique structure of PACP, since PACP itself only showed 
a low SSA of 33 m2 g−1. Although there was still lack of fun-
damental understanding of the mechanism behind the forma-
tion of such a high SSA, this method opened a new pathway for 
designing porous carbons with high pore volume and SSA by 
direct copolymer pyrolysis. Kang et al. used PACP as precursor 
and MnO2 (initiator) nanowire sacrificial template to synthe-
size hierarchically porous carbon nanotubes (HPCNTs). The 
HPCNT showed a high SSA of 1419 m2 g−1, a high gravimetric 
specific capacitance of 280 F g−1, and high rate capability.[198] 
In contrast, CNTs derived from PANi and PPy showed much 
lower SSA. The ultrahigh SSAs of HPCNT was derived from 
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the robust conjugated structure of PACP. Various covalent 
organic frameworks and conjugated copolymers can be used 
as precursors for the synthesis of porous carbons. During the 
past few years, many conjugated copolymers have been adopted 
as precursors for porous carbons in direct pyrolysis methods, 
such as triazine-based copolymers,[167,199,200] polyimides,[201,202] 
Schiff-base porous organic polymers,[203] and other aromatic 
polymers.[204] The general common feature of these polymers is 
that they have two or more different monomers. We speculate 
that the thermal stabilities of the monomers are very different. 
The monomer with higher thermal stability can function as 
a carbon skeleton, while the second monomer with lower 
thermal stability can act as a porogen. Based on this hypoth-
esis, block copolymers possessing two polymer chains with 
different thermal stabilities can also be used as precursors for 

the preparation of porous carbons with high SSA and high 
specific capacitance.

6.2. Direct Pyrolysis of Block Copolymers

Poly(methyl methacrylate) (PMMA) is usually used as a 
template to prepare hollow carbon spheres since it can be 
completely decomposed at ≈345 °C. Using PMMA as an inner 
molecular sacrificial template, PMMA-based block copolymers 
can be used as precursors for highly porous carbons. Liu et al. 
prepared PMMA-b-PAN copolymer and carbonized it into 
highly porous carbons (Figure 12c).[205] By controlling the mole-
cular weight of PMMA, tunable mesopore sizes ranging from 
10.9 to 18.6 nm of the obtained porous carbons can be achieved. 

Small Methods 2020, 1900853

Figure 12. a) The schematic for the synthesis of high-specific-surface-area HCNs using traditional template-assisted carbonization and activation 
methods (above), and the direct pyrolysis carbonization of PACP (below). b) Physicochemical and electrochemical properties of HCNs, N2 adsorption/
desorption isotherms, and pore-size distribution of HCN-900-20H2R, CV curves of HCN-900-10H5R, the dependence of SSA on the carbonization 
temperature, dependence of specific capacitance of HCN-900-10H5R on the scan rate. Reproduced with permission.[197] Copyright 2015, Nature 
Publishing Group. c) The schematic for the synthesis of PCFs using PMMA-b-PAN block copolymer with the volume fraction of PAN. d) The 
dependence of SSA obtained from N2 adsorption/desorption, and the gravimetric capacitances of PCFs on the volume fraction of PAN. Reproduced 
with permission.[205] Copyright 2019, American Chemical Society. e) The schematic illustration of the preparation of PNNs and CNNs from PMMA-b-PS 
block copolymer. f) The SEM and TEM images of CNN-PMMA191-b-PS312. g) The dependence of the specific capacitance of CNN-PMMA191-b-PS312 on 
charge–discharge current densities. Reproduced with permission.[207] Copyright 2014, The Royal Society of Chemistry.
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With a PAN volume fraction of 0.5, the obtained porous carbon 
fibers (PCFs) exhibited a high SSA of 918 m2 g−1 and high spe-
cific capacitance of 345 F g−1 in 3 mol L−1 KOH aqueous elec-
trolyte (Figure 12d). The PMMA-b-PAN can be fabricated into a 
nanofiber mat by electrospinning technique. The fiber mat thus 
can be tuned into highly porous PCFs by direct pyrolysis. The 
PCFs possess abundant macropores, which enables them to be 
used as substrates of MnO2 electrodes.[206]

Based on the atom transfer radical polymerization tech-
niques, the PMMA-b-PAN copolymer can be transformed 
into microemulsion hollow spheres and highly nanoporous 
carbon materials after pyrolysis (Figure 12e).[207] Poly(methyl 
methacrylate)-b-polystyrene (PMMA-b-PS) block copoly-
mers were also used to self-assemble into uniform spherical 
micelles (Figure 12f). What is more, the inter-sphere hyper-
crosslinking of PS chains on the colliding micelles connects 
the nanosphere network units in various directions forming 
the 3D polymeric nanoscale networks (PNNs). Thus, 3D 
PNNs could be further transformed into carbonaceous 
nanoscale networks (CNNs) after pyrolysis. CNNs derived 
from PMMA191-b-PS312 showed a BET SSA and micropo-
rous surface area of 839 and 561 m2 g−1, respectively. Given 
the high BET SSA and microporous surface area of PNN-
PMMA191-b-PS312 (288 and 116 m2 g−1), the formation of 
higher SSA and micropore surface area of CNNs could be 
attributed to the pore formation during the pyrolysis of PNN-
PMMA191-b-PS312. CNNs showed a high gravimetric specific 
capacitance of 195 F g−1 at a current density of 0.2 A g−1, as 
shown in Figure 12g. There are renewed efforts in designing 
numerous block copolymers with different combinations for 
the preparation of porous carbons. In recent years, nanopo-
rous carbon materials have been prepared from PS-b-PEO,[144] 
PAN-b-PBA,[208] PS235-b-PEO45,[209] PS-b-PAN,[210] and PDA/
PS-b-PEO.[145] As we can see, the SSAs of most porous car-
bons derived from these block copolymers are still limited to 
be <1500 m2 g−1. The limited SSA of the decomposition of 
copolymers should be further enhanced by controlling the 
molecular design.

6.3. Direct Pyrolysis of Ionic Liquids and Ionized Organics

Another popular way to synthesize porous carbon from 
polymer-based materials is the direct pyrolysis of poly(ionic 
liquid)s (PILs). PILs have both the advantages of IL and poly-
mers. PIL renders the choices of anion and cations, and the 
nano-objective engineering of the resultant carbon materials 
can be achieved by polymerization methods. The heteroatom-
rich PILs can be tuned into heteroatom-rich carbon structures. 
What is more, for SC applications, tuning porous structures of 
carbon materials can be achieved by tuning the chemical com-
position (porogens) and the parameters during direct pyrol-
ysis of PILs. Gan et al. prepared p-phenylenediamine (pPD) 
sulfuric acid (p[pPD][2HSO4]) PIL by a solution polymeriza-
tion reaction.[211] [pPD][2HSO4] was also prepared without 
oxidative polymerization for comparison. Highly microporous 
carbon nanoparticles with nitrogen and sulfur doping (N/S-
UCNs) were obtained by direct pyrolysis of p[pPD][2HSO4]. 
Furthermore, the N/S-UCN prepared at 800 °C exhibited a 

high SSA of 1018 m2 g−1 which endowed it with a high capaci-
tance of 225 F g−1 at 2 A g−1. One drawback of this research 
is that the intrinsic mechanism for obtaining high surface 
area porous carbon is not fully understood. Porous carbons 
derived from p[pPD][2HSO4] (1018 m2 g−1) showed higher 
SSA than porous carbons derived from nonpolymerized [pPD]
[2HSO4] (834 m2 g−1). Since p[pPD][2HSO4] is more stable 
than [pPD][2HSO4] due to the polymerization, the pPD can 
act as a carbon skeleton while the HSO4

− species act as pore-
forming agent. Similarly, Gan et al. mixed 5-carboxybenzene-
1,3-diamine (DABA) and H2SO4 in a dimethylformamide 
solvent and obtained protic salt [DABA][2HSO4] without 
polymerization.[212] N/S-co-doped porous carbon (NSC) was 
obtained from the direct pyrolysis of [DABA][2HSO4]. NSC-900 
displayed a high SSA of 1543 m2 g−1, and a high gravimetric 
specific capacitance of 285 F g−1 at 1 A g−1. Gan et al. also 
developed a similar protic salt using p-phenylenediamine and  
toluenesulfonic acid for porous carbon preparation.[213] The 
synthesis of protic salt is a more facile way for the preparation 
of porous carbons since it avoids polymerization and tedious 
reaction processes. Because inorganic acid and amine-based 
precursors are abundant and cost-effective, this approach can 
be developed to fabricate porous carbon with much higher 
SSA and higher specific capacitances. Chitosan is an abun-
dant natural biopolymer with abundant amine functional 
groups. Methanesulfonic acid and chitosan were used to pre-
pare an ionic organic compound.[214] After carbonizing this 
ionic organic compound at 750 °C, a N/S doped carbon with 
an SSA of 1094 m2 g−1 was obtained.

A nitrogen-doped, graphitic nanoporous carbon membrane 
(HNDCM) was prepared from PILs composed of cationic 
poly[1-cyanomethyl-3-vinylimidazolium bis (trifluorometh-
anesulfonyl)imide] (PCMVImTf2N) and anionic neutralized 
poly(acrylic acid) (PAA), as shown in Figure 13a.[215] In the 
structure of (PCMVImTf2N)(PAA), PAA acts as a crosslinker to 
chemically lock PCMVImTf2N in a porous network via electro-
static complexation. Tf2N

− ions are believed to be the porogens. 
Due to the considerable mass loss in the form of volatile spe-
cies during carbonization, the HNDCM prepared at 1000 °C 
showed an SSA of 907 m2 g−1 with a high pore volume of 
0.79 cm3 g−1.

Recently, Zhao et al. developed a B/N co-doped nanoporous 
carbon membrane (B/N-GCM) from the pyrolysis of membrane 
composing of PAA matrix and poly[1-cyanomethyl-3-vinylimi-
dazolium bis(trifluoromethane sulfonyl)imide] (PCMVImTFSI) 
PIL (Figure 13b).[216] Zhao et al. demonstrated the pore-forming 
mechanism was directly related to the contents of TFSI ions. In 
other words, TFSI acts as the porogen during pyrolysis. B, N-co-
doped nanoporous carbon membranes (B/N-GCM) derived 
from (PCMVImTFSI)(PAA) showed a high SSA of 1500 m2 g−1 
with an ultrahigh areal capacitance of 3 F cm−2.

The advantages of the carbonization of PILs for the prepa-
ration of porous carbon are obvious. The porogens are evenly 
distributed in the polymer matrix due to the electrostatic 
forces between anion and cations so that the morphology and 
porous microstructure of porous carbons can be tuned by 
porogens easily. The polymer matrix can be easily tuned into  
flexible matrix or fiber morphology for flexible and integrated 
SC devices.[217,218]
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Figure 13. a) The schematic illustration of the preparation of nanoporous carbon membrane from cationic poly[1-cyanomethyl-3-vinylimidazolium 
bis(trifluoromethanesulfonyl)imide] (PCMVImTf2N) and anionic neutralized poly(acrylic acid) (PAA), the SEM images of the cross-section of the 
obtained membrane (above), the digital photograph of the polymer and obtained B/N-GCM membrane, and the SEM images of its top view (below). 
Reproduced with permission.[215] Copyright 2017, Nature Publishing Group. b) The schematic fabrication process of hierarchically structured  
B, N-co-doped nanoporous carbon membranes (B/N-GCM) and the typical pore-parameters as a function of doping ratio of TFSI in the membrane 
(above), the N2 adsorption/desorption isotherms, pore-size distribution, and SSA as a function of TFSI content. Reproduced with permission.[216] 
Copyright 2019, American Chemical Society.
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7. New Porogen Engineering Methods

7.1. Self-Activation of Carbohydrate

Although the direct pyrolysis of co-polymer can be used to 
synthesize porous carbon with high SSAs, the copolymer pre-
cursors are expensive and nonrenewable. Besides, it takes a 
long time and tedious procedures are needed to prepare these 
copolymer precursors. Given the abundance of carbohydrates, 
preparing porous carbons directly by carbohydrate pyrolysis can 
reduce the usage of activating agents and avoid using nonre-
newable petrochemicals. Biomass-based char shows low SSA 
because the carbon skeleton forms at temperatures higher than 
the temperatures at which decomposition gases are released. 
The low interatomic distance between carbon atoms and heter-
oatom functional groups enables significant shrinkage during 
pyrolysis, which results in the nonporous nature of biomass 
chars. In consideration of this, one effective way is to exfoliate 
the carbon skeleton into sheets and enlarge the interatomic 
spacing between oxygen functional groups by oxidation. Li et al. 
synthesized sheet-like porous carbons by a facile hydrothermal-
assisted carbonization process.[219] In the hydrothermal process, 
H2O2 and acetic acid (HAc) were added into the reactor which 
contains biomass precursor. Subsequently, the resultant porous 
carbon was obtained by carbonization. The resultant carbon 
(C-H2O2/HAc, Figure 14a) showed a sheet-like structure, a high 
SSA of 1015 m2 g−1, and a high specific capacitance of 340 F g−1 
at a current density of 0.5 A g−1 (Figure 14b). During the hydro-
thermal process, H2O2 acts as a driller which assists in forming 
mesopores, while HAc exfoliates bulk carbon particles into 
lamellar carbon sheets. Functional groups such as C(O)OH and 
CO decompose to generate gas, which prevents the formation 
of dense structure and introduces the unique porous structure 
into carbon skeleton during carbonization. This study offered 
a general method for the pyrolysis of carbohydrates to prepare 
porous carbon for SC applications. In principle, any carbon 
precursors with oxygen functional groups that can enlarge the 
interatomic spaces of carbon atoms can be carbonized directly 
to synthesize porous carbon.

Direct pyrolysis strategy is an advance for the preparation 
of porous carbons since it eliminated the post-synthesis activa-
tion process. Ji et al. also discovered a general strategy to pre-
pare porous carbon from the direct pyrolysis of cellulose (the 
most abundant biomass on the earth).[220] In this strategy, the 
argon gas flow rate was controlled during pyrolysis. They found 
that the BET SSA and the pore volume of the obtained porous 
carbon showed a negative correlation with the argon flow rate 
(Figure 14c). Through high-resolution transmission electron 
microscope (HRTEM; Figure 14d), it can be observed that 
a more mesoporous structure was obtained under a 20 sccm 
argon flow compared with a 100 sccm argon flow. Apparent tex-
tural differences of carbons were observed due to the different 
self-activation reactions under different argon gas flow rates. 
Namely, the decomposition gases (CO2, H2O) of cellulose can 
react with the carbon skeleton which is formed during pyrol-
ysis (confirmed by the increase of H2 concentration by mass 
spectroscopy (Figure 14e)) in the temperature range from 750 
to 800 °C (Equations (3) and (4)). Argon gas with lower flow 
rate enables longer residence time, which results in a better 

activation effect. Surprisingly, C-10 sample (Ar flow is 10 sccm) 
showed a high SSA of 2602 m2 g−1. With a high SSA and a pore-
size distribution of 2–20 nm, C-10 had a specific capacitance of 
132 F g−1, good rate capability, and superior cycling stability.

These studies indicated that all carbohydrates can essen-
tially be used as precursors to synthesize porous carbon by this 
self-activation strategy. Self-activation even can be applied in 
the activation of other carbon-rich biomasses.[193,221,222] Defect 
mesopore-dominant porous carbon (termed as HDMPC) with 
SSA of 2192 m2 g−1 was prepared through direct pyrolysis of 
low-cost sheep bone in an argon atmosphere through self-
activation strategy. When used as the cathode in a lithium-ion 
capacitor, HDMPC displayed a high capacity of 110 mAh g−1 
in the potential range of 2.0–4.5 V versus Li/Li+. Given the 
unique feature of the self-activation mechanism, more oxygen-
abundant organic precursors can be pyrolyzed to synthesize 
porous carbons for SC applications.

7.2. CO2 Laser Scribing

Laser scribing is a new technique based on the photochem-
ical and photothermal reaction between laser spot and carbon 
precursors. In 2011, Ajayan et al. synthesized laser-reduced 
graphene oxide (rGO) on the GO membrane and directly used 
the rGOs as electrodes for sandwiched and in-plane microsu-
percapacitors.[223] Laser-reduced rGO showed 3D morphology, 
high capacitance, and high conductivity. Later, in 2012, Kaner 
et al. demonstrated that GO can be reduced as laser-scribed gra-
phene (henceforth termed as LSG) by a commercial LightScribe 
DVD laser.[224] LSG with high conductivity (1738 S m−1) and 
high SSAs (1520 m2 g−1) endows LSG with high areal capaci-
tance and an ultralow time constant of 33 ms. Microspercapaci-
tors based on LSG electrodes showed a high energy density of 
1 mWh cm−3 and superior rate capability. Tour et al. showed 
another example that commercial polyimide can be laser scribed 
into LSG by using a commercial CO2 laser cutting machine 
(Figure 15a).[225] Furthermore, they developed inert-gas-
protected laser scribing and multiple laser scribing processes 
which enable the successful transformation from wood,[226] 
cloth,[227] bread into LSG (Figure 15b). Alshareef et al. devel-
oped the LSG from natural lignin and used LSG as electrodes 
for high-energy microsupercapacitors through a direct-write 
lignin laser lithography technique.[228] Besides, Alshareef et al. 
developed high-power SC based on the LSG from laser scribing 
amorphous carbon spheres.[229] What is more, due to the hydro-
phobic nature of LSG, a wettability-driven assembly process was 
developed to fabricate microsupercapacitor using particulate 
active materials.[230] Despite the above achievements, the SSAs 
of LSG derived from polyimide, lignin, and wood are limited to 
< 500 m2 g−1, which limits its application as electrodes for SCs. 
The interesting phenomena of transforming organic sources 
into LSG needs to be elaborated for the further development 
of LSG-based materials. Kaner et al. proposed a mechanism 
for the graphene formation during CO2 laser scribing. Carbon 
dots absorb CO2 laser energy which is very close to the absorb-
ance of sp3 CC, thus breaking the chemical bonds between 
CC and forming sp2-dominated carbon dots (Figure 15c).[231] 
The carbon dots then self-assembled into porous long-range 
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turbostratic graphene nanodomains. The pursuit of high SSA 
from direct laser scribing organics has significant potential 
because direct laser scribing is a fast technique that can also 
be used to fabricate LSG electrodes on metal current collectors 
without binders. Kaner et al. investigated a laser scribed mixture 
of carbon quantum dots and graphene oxide (Figure 15d).[232] At 

a carbon quantum dot concentration of 35%, the LSG exhibited 
the highest SSA around 1000 m2 g−1 and a specific capacitance 
of 190 F g−1. Kaner et al. also discovered that the performances 
of commercially activated carbon electrode could be greatly 
enhanced by laser scribing (Figure 15e).[233] After laser scribing, 
both the areal and gravimetric capacitances of activated carbon 

Small Methods 2020, 1900853

Figure 14. a) Mechanisms of the synthesis and the enhancements of the electrochemical performances of the porous graphene-like carbon using 
different hydrothermal protocols. b) The CV curves, GCD curves of different carbon materials using different recipe combinations in hydrothermal 
reactions, and the cycling performances of C–H2O2/HAc carbon under of current density of 1 A g−1 using a three-electrode set-up. Reproduced with 
permission.[219] Copyright 2018, Wiley-VCH. c) The influence of flow rate of argon gas during the pyrolysis of cellulose, the dependence of SSA on the 
flow rate of argon during pyrolysis, the pore volume as a function of the argon gas flow rate. d) HRTEM images showing the different microstructures 
of C-100 and C-20. e) The MS spectra during the pyrolysis of a 650 °C pre-heat-treated cellulose sample. Reproduced with permission.[220] Copyright 
2015, Elsevier.
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are enhanced apparently. What is more, the impedance of 
activated carbon electrode was reduced by laser scribing, as 
demonstrated by the Nyquist plot. Still, the mechanism and 
what happed to the commercial activated carbon need to be 
elaborated. Given the advantages of laser scribing, it is suit-
able to develop the LSG electrodes with both high areal capaci-
tance and high rate capability for commercial SC applications. 
The SSAs of LSGs can be further enhanced by incorporating  
some porogens in the laser scribing process.

7.3. Dehalogenation Carbonization

Carbonization can be achieved by not only pyrolysis but also 
deoxygenation and dehydrogenation with concentrated sulfuric 

acid treatment. However, the SSAs of carbons derived from 
dehydrogenation using H2SO4 was as low as 2.4 m2 g−1.[28] 
Recently, dehalogenation became a general method that can 
transform halogen-containing polymers into porous carbons. 
Dai et al. discovered that polyvinylidene chloride (PVDC) could 
be directly transformed into a carbonaceous material using 
dehalogenation reaction by KOH in ethyl alcohol solution 
(Figure 16a).[37] The dehalogenation of PVDC is composed of 
multiple processes. HCl molecules are eliminated by KOH 
etching. Then the partially cyclized structure was transformed 
into carbonaceous structure through either intramolecular 
cyclization or intermolecular dehalogenation (Figure 16b). 
The obtained ball-milled carbon (BMC) showed particulate 
morphology and sp2 hybridized crystalline structure with 

Small Methods 2020, 1900853

Figure 15. a) Scheme of the fabrication of microsupercapacitors with laser-induced graphene (LIG)–MnO2. Reproduced with permission.[225] Copyright 2015, 
Wiley-VCH. b) The formation of graphene can be done by laser scribing natural wood under inert-atmosphere protection. Reproduced with permission.[226] 
Copyright 2017, Wiley-VCH. c) Proposed LSG formation mechanism by laser scribing of carbon quantum dots. Reproduced with permission.[231] Copyright 
2018, Wiley-VCH. d) The dependence of SSA, conductivity, the specific capacitance of the obtained LSG on the weight ratio of carbon quantum dots 
using a CO2 laser scribing process. Reproduced with permission.[232] Copyright 2019, The Royal Society of Chemistry. e) The electrochemical behaviors 
(dependence of areal capacitance and the gravimetric specific capacitance on current density, the electrochemical impedance spectroscopy) of laser-
scribed activated carbon and activated carbon in acetonitrile electrolytes. Reproduced with permission.[233] Copyright 2017, Wiley-VCH.
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an interlayer spacing of 0.35 nm. BMC shows a high SSA of 
1735 m2 g−1 and a pore sizes below 5 nm. BMC exhibits a 
high specific capacitance of 328 F g−1 at 0.5 A g−1 (Figure 16c). 
Besides, BMC also shows high rate capability and good cycling 
stability. These studies show that dehalogenation-based car-
bonization can be used to prepare porous carbons with high 
surface areas. As a general process, various halogen-containing 
polymers can be used as carbon sources. Polyvinyl fluoride 
(PVDF) can be dehalogenated by NaNH2

[29] and sodium eth-
oxide[234] to prepare porous carbon. The dehalogenated PVDF 
using sodium ethoxide showed a high SSA of 1920 m2 g−1 
(Figure 16d). This porous carbon enables a 2 V symmetric SC 
with a capacitance 32.5 F g−1 in Li2SO4 electrolyte (Figure 16e).

8. Summary and Outlook

SCs are important energy storage devices that are playing 
increasingly important roles in nowadays energy storage 

applications. SC modules are being evaluated for electrical 
transportation, uninterruptible power supplies, power tools, 
and high power electronics. At present, the capital cost of 
SC (price per watt-hour) is too high compared with mature 
rechargeable battery technologies such as LIBs and lead-acid 
batteries, partially due to the high cost of porous carbon active 
materials (around 30–50 $ kg−1). Searching new porous carbons 
that offer both low cost, moderate SSA (1500 to 2000 m2 g−1),  
and decent performance is crucial for the further market pen-
etration of SC. Thus, this review presents several strategies 
that are being developed to achieve porous carbons with higher 
performance and addresses the synthesis and development 
difficulties for each approach.

Porous carbon electrodes used in commercial SCs are 
currently mostly produced by physical activation. Physical 
activation (H2, CO2 activation) produces porous carbons with 
micropore-dominated porous structures and limited SSAs. 
Air, as a free activation agent, has seldom been used in the 

Small Methods 2020, 1900853

Figure 16. a) Hand-grinding processing mixture of PVDC/KOH powders in ethyl alcohol solution at different time. b) The SEM, TEM, and HRTEM 
images of BMC. c) The electrochemical performance of BMC (CV, GCD, and EIS). Reproduced with permission.[37] Copyright 2016, Wiley-VCH. d) The 
SEM, TEM images, and the N2 adsorption/desorption isotherms of nondoped porous carbon (NDPC). e) The rate capability of symmetric capacitor 
using NDPC as electrodes. Reproduced with permission.[234] Copyright 2017, The Royal Society of Chemistry.
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preparation of high-SSA porous carbon in physical activation 
method because carbon faces combustion in the oxygen-rich 
atmosphere. Diluted air in an inert atmosphere can exert as 
a high-oxidative physical activation agent that enhances the 
SSA of the resultant porous carbons obtained from physical 
activation.

In chemical activation methods, a lot of KOH or NaOH is 
used, which causes the emission of highly corrosive byproducts 
and pollutants during activation. Thus, chemically activated 
porous carbons require post-treatments in industrial produc-
tion. The chemical activation method needs to be redesigned 
to develop porous carbons at a reasonable cost and minimal 
environmental impact. Green chemical engineering processes 
are essential for the sustainable preparation of chemically 
activated porous carbons for SCs. During the past few years, 
various new chemical activation agents have been developed, 
but unfortunately, some of them are highly corrosive and even 
toxic. In addition, the porous carbons obtained from these new 
activation agents usually possess macropores that significantly 
reduce the tap density of the resultant porous carbons. In that 
case, porous carbons without macroporous structures prepared 
by new chemical activation agents (CuCl2 as a typical activation 
agent) are of special interests for developing SCs. The porogen 
mechanisms of these new chemical agents are also needed to 
be studied thoroughly through in situ techniques. Besides, the 
environmental impacts of these new chemical activation agents 
still need to be re-evaluated.

Direct pyrolysis of self-template organic salts may be a solu-
tion for fabricating porous carbons used in SCs. Based on 
some low-cost precursors such as alkaline metal citrate salts, 
the self-template method can be cheap and easy to be applied 
in the preparation of porous carbons with high SSA. The big-
gest disadvantage of this method can be the low tap density of 
the obtained porous carbons due to its macroporous structures. 
On the one hand, the macroporous structure of these porous 
carbons can be crushed to increase the tap density. On the other 
hand, the self-templated carbons with opened 3D macroporous 
structures may be used as supports for pseudocapacitive mate-
rials (such as RuO2, MnO2) in aqueous SCs.

The pyrolysis of conjugated copolymers, block copolymers, 
and PILs are new strategies that have been recently developed 
to improve the quality of porous carbons for SC applications. 
Through direct pyrolysis of copolymers, high SSAs and impres-
sive specific capacitance values have been obtained, but these 
processes are admittedly complex and the precursors are expen-
sive. So cheaper polymer precursors, simplified and scalable 
processes are needed to make these processes practical. The 
intrinsic mechanism of these direct pyrolysis methods needs to 
be studied so that better copolymers can be designed and used 
to prepare porous carbons. The decomposition gases of these 
heteroatom-rich polymers are toxic and need to be treated to 
minimize their environmental impact, which adds cost to the 
pyrolysis process. From the perspective of material synthesis, 
the SSA of porous carbons can be further improved by tuning 
the intermolecular design (such as decrease the molecular chain 
of PMMA and PAN) and optimization of preparation param-
eters (pyrolysis time, pyrolysis temperature, and inert gas flow 
rate). Because pyrolysis of polyaniline-co-polypyrrole generates 
amine species, these amine species may be used as activation 

agents simultaneously in the pyrolysis process. On the appli-
cation aspect, the copolymer (block polymer, PILs) pyrolysis 
strategy is versatile for preparing free-standing PCF mats or 
flexible porous carbon electrodes. These integrated electrodes 
have great potentials for advanced flexible and wearable SCs.

Self-activation of carbohydrate biomasses has been playing 
increasingly important roles in producing porous carbons. 
The self-activation method is a successful example that 
porous carbons can be prepared by the direct pyrolysis of bio-
carbohydrates. Thus, inert gas lines in a traditional physical 
activation production line can be eliminated. Still, based on 
the self-activation mechanism, reactors that can fully utilize the 
decomposition gases (CO2) for porous carbon production are 
needed to be designed.

As a huge power density gap between SCs and electrolytic 
capacitors still exists, the development of high-power SCs is 
still another major trend. SCs with high energy density and 
high power density require that the porous carbon materials 
have not only high SSA but also high conductivity enabled by 
highly graphitic structure. High graphitization (conductivity) 
and high SSA are contradictory factors since amorphous car-
bons with relatively low conductivities (<1 S cm−1) are obtained 
from the traditional pyrolysis process. Laser scribing opens a 
new pathway for graphene-based electrode materials with high 
conductivity (as high as 60 S cm−1) for SCs.[228] Given the lim-
ited SSA of state-of-art LSG electrodes, we still need other ways 
to improve the SSA of LSG. In the next stage of development 
of LSG electrodes for SCs, various porogens, such as alkaline 
metal hydroxides, metal-organic salts, and organics that cannot 
be laser-carbonized (such as PMMA), may be added into the 
carbon precursors to synthesize porous, graphitic carbon mate-
rials in the laser scribing process.

In the development of porous carbons for commercial SC 
applications, we also need to consider the tap density of porous 
carbons. Tap density is a critical parameter that is seldom 
investigated by researchers. The tap density of porous carbon 
is directly related to the volumetric energy density of the SCs. 
Using graphene materials with high pack density as electrode 
materials, SC can achieve a high volumetric energy density of 
13.1 Wh L−1.[235,236] However, due to the existence of a huge 
amount of micropores, the tap densities of activated carbon are 
limited to 0.35 cm3 g−1. The tap density decreases as the SSA 
increases, so the tap density should be optimized concurrently 
with SSA for new production processes. For achieving higher 
energy density SCs, we may design asymmetric hybrid lithium 
(sodium, potassium) ion SCs that use porous carbon as the 
cathode to increase the operating voltage and energy density. 
The major role of porous carbon in hybrid SCs is to provide 
a high surface area that provides high double-layer capacitance 
with high power capability. The designing of asymmetric hybrid 
lithium (sodium, potassium) SCs requires optimization of the 
relationship between pore architecture and active electrolyte 
ions. For practical applications, the stability of porous carbon in 
mobile ion SCs need to be investigated.

SCs have become important energy storage devices with 
potential in many types of applications. With the development 
of novel, facile, and green methods for synthesis of high-quality 
porous carbons, we can achieve SCs with higher storage energy 
density and lower costs soon.

Small Methods 2020, 1900853
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