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Abstract: Based on previous reports, the key factors that dictate the selection of electrode 
materials for ECs are the following: (1) high SSA, leading to the large capacitance; (2) suitable 
surface functional groups to enhance the capacitance by additional faradaic redox reaction 
and improve the wettability; (3) large pore size, short pore length, and straightforward pore 
connectivity to facilitate the ions diffusion with a high speed; (4) low internal electric resist-
ance, which leads to fast charging-discharging and low ohmic resistance; (5) low volume 
and weight; (6) low price; (7) environmentally friendly materials; (8) thinner electrodes and 
current collectors. carbon-based materials with macro-, micro- and nano-structures have 
been applied to construct various attractive electrochemistry energy devices, sorbents and 
catalysts. A variety of methods including hydrothermal/solvothermal reaction, self-assembly, 
organic sol–gel reaction and template guided growth have been developed for preparing 
carbon based materials. So there is tremendous room available in the design and synthesis 
of novel carbon-based materials for energy-related applications. Although some literatures 
indicated that carbon-based materials products have prominent ability in the field of pollut-
ants detection and environmental remediation. There are a lot of pollutants and microorgan-
ism that exist in circumstance, and only a small part of them have been explored. Thus, the 
mechanisms of pollutants detection and removal based on multifunctional carbon-based 
materials need to be further developed. Porous carbon-based materials with the porosity 
and flow characteristics can be applied for flow-through reactors in separation and catalytic 
processes. The safe operation and “green chemistry” in environmental protection should 
also be considered for practical applications.
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1. Introduction

Electric double layer capacitors (EDLCs) have attracted much attention as an electrochemical 
energy storage device due to their high power density and long durability [1-5]. 
Supercapacitors are considered as one of the most promising electrochemical energy storage 
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devices of the present century [6-8]. They have higher power densities and exceptional 
long cycle life than conventional batteries and higher energy densities than conventional 
dielectric capacitors. Based on charge storage mechanisms, supercapacitors are broadly 
classified into two categories viz, lectrochemical double-layer capacitors (EDLCs) and 
pseudocapacitors [9,10]. While in EDLCs, energy storage takes place by ion adsorption 
between electrodeeelectrolyte interface, pseudocapacitors store energy by fast and reversible 
Faradic reactions. Carbon based materials such as activated carbon, mesoporous carbon 
and graphitic nanocarbons (nanocoils, nanofibers, nanotubes, nanocones, etc) are widely 
used as electrode materials for EDLCs [11,12]. Commonly used electrode materials for 
pseudocapacitors are transition metal oxides and conducting polymers [9,13].

Table 1  
Comparison of charge storage.

A number of carbon materials, such as activated carbons [13-15], carbon nanotubes 
[16-20], and carbon aerogels [21-25], have been widely used as electrode materials for 
EDLC. Among the various carbon materials, activated carbons are mainly employed as 
the electrode material for EDLC in the commercial industry due to their high surface area, 
chemical and thermal stability, and low cost [26,27]. However, it is well known that the 
activated carbons retain abundant micropores (<2 nm), which are not easily wetted by the 
organic electrolyte ions [27]. In addition, the ionic motion may be limited in such small 
pore during the charge/discharge at high current density [27]. Therefore, it is expected that 
carbon materials with a high surface area and well-developed mesopores (2-50 nm) will 
serve as efficient electrode materials for EDLC in organic electrolyte. 
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Figure 1: Energy storage technology [28].

Supercapacitors can be divided into two types, based on the mechanism of the charge 
storage, pseudocapacitance and electric double layer capacitance (EDLC). In EDLC 
the charges are stored at the electrode electrolyte interface, while for pseudocapacitors 
the charges are generated within the electrode due to a faradic reaction. Therefore, 
electrochemical capacitors prepared using redox active materials exhibit higher specific 
capacitance than conventional EDLCs. Different types of transition metal oxides such as 
RuO2, CuO, MnO2, NiO, Co3O4, V2O5 have been shown a promise in pseudocapacitance 
[29-32]. For example ruthenium oxide (RuO2) exhibits a high specific capacitance of 700 F 
g_1, a wide potential window and reversible redox reactions [33,34]. 

Lee et al. reported high specific capacitance up to 1000 F g_1 based on the weight of 
hydrous RuO2 [35]. However, the high cost of Ru based compounds limits the large-scale 
application in supercapacitor electrodes. Hence, much effort has been devoted to prepare 
a low cost alternative for RuO2 that exhibits a high specific capacitance with a long cycle 
life. Nanostructured vanadium oxides have shown great promise for applications in energy 
storage. The redox-activity of vanadium oxides with multiple oxidation states (V+5, V+4 
and V+3) is attractive for supercapacitors and Li ion batteries [36,37]. Moreover, V2O5 is a 
promising candidate for electrochemical capacitors due to the layered structure and ability 
to intercalate three Liþ ions per V2O5 unit yielding a theoretical capacitance of w400 mA h g-1 
[38]. However, bulk V2O5 exhibits low electronic conductivity (10-2-10-3 S cm-1) and slow Li ion 
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diffusion rates (D w 10-12 cm-2 s-1), leading to low initial capacitance and rapid capacitance 
fading [15]. In contrast, nanostructured vanadium oxides have shown improved Li ion 
diffusion rates [39]. To date, wide range of nanostructures such as nanotubes, nanowires, 
nanobelts and nanorods of V2O5 have been prepared [40-48]. Also, freestanding flexible 
papers of V2O5 nanowires (VNW) can be prepared by vacuum filtration. Unfortunately, 
due to the low electronic conductivity of the VNWs conducting materials such as carbon 
materials must be added. Liu et al. have prepared reduced graphene oxide (rGO) ~VNW 
composite electrodes for Li ion battery cathodes and exhibited promising performance for 
Li ion storage [49]. Rui and co-workers deposited polycrystalline V2O5 spheres on rGO 
sheets and demonstrated their high capacitance capabilities in Li ion batteries [50]. 

Figure 2: Basic principle of EDLC. [51]
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Although significant efforts to enhance the supercapacitance of the transition metal 
oxide nanoparticles have been taken, the poor textural parameters of these electrodes 
make them less efficient. In addition, unsupported metal or metal oxide nanoparticles 
are generally not easy to handle and form aggregates under drastic conditions including 
oxidation and reduction. Therefore, researchers tried to decorate the redox metal oxides 
on supports with high surface areas in order to achieve high capacitance and good cycle 
life with the combined performance of EDLCs and pseudocapacitance [52,53]. Generally 
carbon supports with a high surface area are used for the redox metal oxide electrodes 
as they can store increased amount of energy on the high surface area porous structure. 
Recently, transition-metal-oxide-supported mesoporous materials have attracted attention 
as electrode materials. Some reports on the fabrication of transition-metal-oxide-supported 
mesoporous materials are available in the literature [54]. Of the various non-noble metals 
or transition-metal oxides studied, copper oxides are found to be very interesting because 
of its low cost, good thermal and electrical conductivity, and environmentally benign 
nature. Beyond these advantageous properties, copper oxide is very promising in a neutral 
electrolyte system. Recently, Vinu et al. reported the direct incorporation of a high amount 
of metal ions in the mesoporous SBA-15 silica framework by simply adjusting the water-
to-hydrochloric acid molar ratio of the synthesis medium [55] without destroying the 
mesoporous structures. They also converted the copper substituted mesoporous silica into 
mesoporous carbon with the copper oxide nanoparticles and studied their performance 
for supercapacitors [56].

Many improvements have been made in the decades since Becker’s precedent. Highly 
stable electrolyte systems, such as those based on non-aqueous solvents or ionic liquids, 
have allowed the operating potential of supercapacitor devices to be increased significantly, 
leading to higher energy and power densities compared to first generation, aqueous 
devices [57,58]. In addition to advances in electrolyte stability, advances have also been 
made in the carbon materials used as the electrodes. Examples include EDLCs containing 
electrodes comprised of carbon fabrics [59], fibers [60], nanotubes [61], nano-onions [62], 
aerogels [63], and graphene [57,58]. One common method for producing carbon materials 
is the pyrolysis of carbon containing polymers [64–66]. Applying pyrolysis techniques to 
powdered animal bones can produce a bone char containing a high percentage of conductive 
carbon with specific surface areas of approximately 2100m2/g [67,68]. These materials have 
been demonstrated to work as cathodes in lithium–sulfur batteries [68].

The objective of this paper is to review advances in flow field of materials, designs and 
electride performance of EDLCs, and analyze main issues and challenges in concepts and 
criteria of flow field in the development of application models. We focus on why uneven 
flow distribution is a root cause of low durability and reliability at the industrial scale and 
why flow field designs and electrical performance are a strategic solution to integrated 
performance, flow conditions, structure and electrochemical processes. Finally, we will 
discuss fundamental materials, characteristic parameters and procedures to tackle the 
challenges of uneven flow distribution during EDLC as well as critical issues of durability, 
robustness and reliability in the application field.
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2. Materials and Performance 

The attraction of carbon as a supercapacitor electrode material arises from a unique 
combination of chemical and physical properties, namely:

•	 high conductivity,

•	 high surface-area range (~1 to >2000m2 g−1),

•	 good corrosion resistance,

•	 high temperature stability,

•	 controlled pore structure,

•	 processability and compatibility in composite materials,

•	 relatively low cost.

In general terms, the first two of these properties are critical to the construction of 
supercapacitor electrodes. As will be seen, the properties of carbon allow both conductivity 
and surfacearea to be manipulated and optimised. Such activities continue to be the subject 
of a considerable amount of research. Prior to reviewing the results of this research, it is 
useful first to consider in more detail other aspects of carbon, e.g., its structural diversity 
and chemical behaviour, so as to establish a better understanding of the role of carbon 
materials in supercapacitors.

Table 2 
Raw material costs and carbon yields from pyrolysis of some of the natural precursors [69,70].

Activated carbons can be obtained by two different processes: the “physical” or 
“thermal” activation and the “chemical” activation. In the former carbonization is followed 
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by the activation of the resulting char at elevated temperature in the presence of suitable 
oxidizing gases such as carbon dioxide, steam, air or their mixtures; in the second one, 
carbonization and activation are performed in a single step, using a chemical agent [71] 
such as KOH, NaOH, H3PO4, ZnCl2 etc. In comparison to physical activation, chemical 
activation provides two important advantages. One is the lower temperature at which the 
process is performed. The other is that the global yield of chemical activation tends to be 
greater because burn off char is not required [72]. Besides, part of the added chemicals (such 
as zinc salts and phosphoric acid), can be easily recovered. However, a two-step process 
(an admixed method of physical and chemical processes) can be applied. 

Activated carbons exhibit low specfic surface areas when physical activation is applied 
due to its high silica content [73]. By physical activation with employing CO2, steam or 
air, it is possible to obtain activated carbons with BET specific surface area (SBET) up to 
about 1180 m2/g and pore volume up to about 1.09 cm3/g [73-75]. In the case of chemical 
activation, where KOH/NaOH, K2CO3, ZnCl2, H3PO4 as activating agents are usually being 
used, Chemical impregnation with KOH and NaOH of pyrolysed rice husks followed by 
activation at 650–800 °C resulted in activated carbons with extremely high surface areas 
(280–3014 m2/g) and pore volume up to 1.88 cm3/g [76-78]. Pyrolysis of rice husks followed 
by H3PO4 impregnation and activation at high temperatures (700–900 °C) produced activated 
carbon with a surface area of 420–438.9 m2/g [78–80]. Generally use of other chemical agents, 
such as ZnCl2, K2CO3/Na2CO3, CaCl2.7H2O and H2SO4, and activation at 600–900 °C resulted 
in activated carbons with surface areas ranging from 66 to 1581 m2/g, while the total pore 
volume and mean radius (d) are in the average ranges from 0.27 to 0.536 cm3/g and 1.076 
to 3.528 nm respectively [81-85].

Figure 3: Nyquist plots for the activated carbon based EDLC. [86]
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Activated carbon was prepared by placing firewood in a sealed oven reaching a 
temperature of 550°C in oxygen-deficient environment [87]. A carbonization process takes 
place. Steam was introduced in the oven at this temperature and the temperature was raised 
at 900°C. The resulted carbon was ground in a mill washed with pure water, dried, and 
sieved in granules with a size of 0.12–0.2 mm. Analysis indicated for such activated carbon 
micropores with a diameter lower than 2 nm and mesopores centered at 4 nm. Pores with 
a diameter lower than 2 nm are considered micropores, those with diameter in the range 
2–50 nm, mesopores and those with diameter higher than 50 nm, macropores. Specific 
capacitance as high as 120 F/g was obtained from such activated material used in EDLC 
prepared electrodes and acidic solution. Petroleum needle coke was used in Ref. [88] for 
porous carbon preparation by means of KOH activation. The raw material was pulverized 
at size of 0.1–0.15mm and then mixed with KOH and placed in a stainless steel reactor at 
750–900°C in argon environment for duration of 1–4 h. After washing in dilute HCl, pure 
water and drying, activated carbon resulted. Specific surface area in the range of 400–2900 
m2/g was obtained by different activation time but the specific capacitance for electrodes was 
not higher than 44 F/g. In Ref. [89] various coal and pitch derived carbonaceous materials 
were activated for 5 h at 800°C using KOH at 1:4 component ratio. For specific surface area 
in a range of 1900–3200 m2/g specific capacitance from 200 to 320 F/g was obtained. Coal-
based porous carbon activated by steam [90] exhibited mesopores with specific surface 
area of 340–1270 m2/g. A maximum specific capacitance of 160 F/g was obtained. Specific 
capacitance of 79 F/g for activated carbon of 1660 m2/g specific surface area, obtained from 
coconut shells was reported in Ref. [91]. Experiments on other fruit shell type [92] indicated 
lower specific capacitance. High specific capacitance of 294 F/g at current density of 1 mA/
cm2 for activated carbon resulted from resorcinol and formaldehyde is reported in Ref. [93]. 
These two substances catalyzed by KOH in a sol–gel process were carbonized in an inert 
atmosphere and KOH serves as activating agent producing pores. Increase in the proportion 
of KOH leads to higher specific surface area and pore volume. For porous carbon obtained 
from cresol-formaldehyde aerogel a specific capacitance of 146 F/g was reported [94]. In 
Ref. [95] it is shown that development of pore structures during KOH activation depends 
on the starting carbon material. The specific surface area increases as a function of KOH 
addition. Different treatments of the aluminum current collectors were performed in Refs. 
[96,97] to increase supercapacitor performance. Sol–gel deposit of conducting carbonaceous 
material provided better results. A specific capacitance of 100 F/g and sheet resistance of 
0.8Ocm2 in organic electrolyte was obtained. An optimization of the pore distribution in 
the activated carbon material can lead to higher capacitor performance [98]. Bigger pores 
provide good transport of ions throughout the porous carbon layer whereas the smaller 
pores generate a large interfacial area. Carbon materials with highly ordered porous 
structure, with micropores and mesopores were prepared using for example, mesoporous 
silica, as template [99,100]. Carbon precursor (propylene, sucrose or pitch) is introduced 
into the pores of the silica matrix. After the removal of silica by acid treatment, carbon 
material with organized porosity is recovered. Values of specific capacitance in aqueous 
electrolyte were limited to 200 F/g. Electrochemical capacitors based on activated carbon 
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powders of specific surface area of 870 and 2600 m2/g were prepared by using organic 
ionic electrolytes [101]. Specific capacitances of 45 and 180 F/g corresponding to the two 
different powders have been found. The specific capacitance densities were of 5.2 and 6.9 
mF/cm2. Treatment of the exposed surface of activated carbon material with a surfactant 
sodium oleate resulted in significant improvement of the specific capacitance [102,103]. 
This is attributable to improvement in wettability at the exposed pore surface resulting in 
higher usable surface area. Experiments in Ref. [104] with five samples of activated carbon 
with specific surface area in the range 563–2692 m2/g resulted in specific capacitance in the 
range 28–267 F/g at room temperature. Acidic and alkaline solution electrolytes have been 
used. Significant difference in the specific capacitance may appear for acidic or alkaline 
solution. The average pore diameter was of 1.4–2.8 nm. Again, proportionality between 
the exposed specific surface area and the manifested specific capacity has not been found.

AC fibers are popular materials for the electrode of EDLC because of their large SSA 
and high electrical conductivity. Kim et al. [105] developed CNFs with exposed graphite 
edges for use as the electrode material of ECs. Among various modifications of CNFs, the 
olygoaniline/CNF composite showed the largest capacitance of 149 F/g. The formation 
of ethynylaniline linkages to the edges of KOH-activated CNFs effectively preserved 
mesopores, and combines DL capacitance with pseudocapacitance. Recently, Xu et al. [106] 
prepared AC fiber cloth electrodes with high DL capacitance and good rate capability from 
polyacrylonitrile fabrics by CO2 activation. Although the SSA of the microporous AC fiber 
cloths is only between 527 and 834 m2/g, their specific capacitance in 6 mol/L KOH aqueous 
solution is over 168 F/g (carbonization temperature 900°C), and a moderate carbonization 
temperature (600°C) results in higher specific capacitance (208 F/g) recorded at 36 mA/cm2.

ACF cloth electrodes for electrochemical capacitors were prepared from polyacrylonitrile 
(PAN) fabrics by optimization of the carbonization temperature prior to CO2 activation 
[107]. A specific capacitance of 208 F/g was found at low current load. At 10 A/g a decrease 
to 129 F/g takes place. It is shown that template mesoporous carbons can provide 0.14 F/
m2 in aqueous electrolytes (example H2SO4 and KOH) and 0.06 F/m2 in organic electrolyte 
[108]. For such material effective surface area as high as 1500–1600 m2/g is exhibited and 
the specific capacitance can reach 200–220 F/g in aqueous electrolyte and 100 F/g in organic 
electrolyte. Specific capacitance of 290 F/g for PAN-based carbon fibers used in electrodes 
for electrochemical capacitors is reported in Ref. [109]. H2SO4 as electrolyte solution was 
used. The specific surface area was 1300 m2/g. Microstructure and electric conductivity of 
PAN-based ACFs were investigated using tension and KOH activation [110]. Increase of 
KOH concentration caused damage to the surface of carbon fibers leading to higher specific 
surface. Increase in the micropore volume for PAN-based ACFs caused lower specific 
capacitance [111].

Recently, the CNTs have attracted much attention as new materials due to their 
good mechanical strength, high electric conductivity, and reasonable SSA since their first 
discovery by Katakabe et al. [112]. Honda’s group [113] prepare a vertically aligned multi-
walled carbon nanotube (MWCNT) sheet by a transfer procedure from a silicon substrate, 
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covered with catalyst grains as a CNT seedbed, with Al sheet as a current collector for 
the application of an EDLC. It is noteworthy that the MWCNT sheet electrode provides 
a discharge capacity of 10–15 F/g even at an extremely high current density (200 A/g), 
whereas no discharge capacitance is obtained at all with a typical high performance AC 
electrode at such a high current density. Recently, Show et al. [114] fabricated an EDLC 
with polarizable electrodes containing the CNTs. This EDLC shows a low equivalent series 
resistance of 2.5 U, which was lower than that of an EDLC fabricated with the addition of 
acetylene black. The low series resistance increased the energy and efficiency of the EDLC, 
because the IR drop, caused by flowing current according to the series resistance, is of a 
low value. Furthermore, the effect of pore size on the EDLC was studied by Ref. [115], the 
results showed that narrow pores was important to the EDLCs which had high energy 
density for longer discharge time, such as hybrid electric vehicles. But for pulse power 
applications, increasing the pore size might be beneficial.

Table 3 
Summary of the various classes of electrode materials investigated. [116]

An electrode with vertically aligned multiwalled carbon nanotubes [117], provided 
a discharge capacity of 10–15 F/g even at an extremely high current density of 200 A/g. 
It is said that such performance is not possible with activated carbon electrode. For CNT 
electrodes used in Ref. [118] a specific capacitance of 14 F/g is mentioned. In Refs. [119,120] 
addition of CNTs to activated carbon, instead of acetylene black or graphite powder for 
polarizable electrodes resulted in lower ESR and higher specific capacitance. Addition of 
CNTs in activated carbon material [121] increased specific capacitance from 130 to 180 F/g. 
Supercapacitor electrodes prepared from CNTs/ ruthenium oxide composite exhibited 
significantly higher specific capacitance due to a pseudocapacitance originated from the 
RuO2 nanoparticles [122–126]. In Ref. [127] Ni(OH)2/MWCNT composite positive electrodes 
and activated carbon negative electrodes delivered a specific energy of 32 Wh/kg at a specific 
power of 1500 W/kg based on the total weight of the active electrode materials. This was 
possible by significant increase in the specific capacitance. In Ref. [128] nickel oxide/CNTs 
composite electrode resulted in an increased specific capacitance of 52 F/g. In Ref. [129] 
nonaqueous hybrid supercapacitor using manganese oxide/MWCNTs (M/M) composite 
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and MWCNTs as positive and negative electrodes, respectively, has been designed and 
investigated by constant current charge/discharge tests. The asymmetric hybrid capacitor 
has better capacitance and energy characteristics than those of the symmetric ones based 
on individual M/M composite and MWCNTs electrodes. The energy density of the hybrid 
capacitor can reach 32.91 Wh/kg even at a current density of 10 mA/cm2 in 1.0M LiClO4 
electrolyte, which is comparable to that of a manganese oxide/activated carbon hybrid 
capacitor. Manganese oxide/CNT nanocomposite electrodes used in supercapacitors 
[130–133] resulted in better performance than CNTs electrodes. An increase of specific 
capacitance takes place. SWCNTs/polypyrrole nanocomposite electrode used in Refs. 
[134,135] indicated much higher specific capacitance than pure polypyrrole or SWCNTs 
electrodes. Supercapacitor electrodes based on carbon nanotube–polyaniline (CNT–PANI) 
nanocomposite by coating polyaniline on the surface of the CNT have been used in Ref. 
[136]. At a current density of 10 mA/cm, the CNT–PANI nanocomposite exhibits high 
specific capacitance of 201 F/g, in comparison with a value of 52 F/g for the CNT. The 
supercapacitors based on the CNT–PANI nanocomposite have an energy density of 6.97 
Wh/kg and an outstanding power performance. Composite materials containing 20wt% 
of MWCNTs and 80wt% of chemically formed conducting polymers as polyaniline and 
polypyrrole have been prepared and used for supercapacitor electrodes in Ref. [137].

Figure 4: Possible binding sites available for adsorption on (left) MWNTs and (right) SWNTs surfaces 
[138].
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Figure 5: (a) Artist rendition of EDLC formed by aligned MWNT grown directly on metals (b) 
An electrochemical impedance spectroscopy plot showing low ESR of such EDLC devices and (c) 
very symmetric and near rectangular cyclic voltamograms of such devices indicating impressive 
capacitance behavior. [138]

Figure 6: The role of graphene for electrochemical energy storage [139].
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The capacitive behavior of graphene sheets can be further improved by chemical 
doping or etching, both the presence of electro-active species and surface area of the 
pores can contribute to the total specific capacitance. For example, N-doped graphene 
hydrogels (NGHs) prepared by a solvothermalmethod displayed a specific capacitance 
of 205 F g−1 at scan rate of 1.0 mV s−1 [139]. After 3000 cycle tests at a scan rate of 80 mVs−1, 
about 92.6% of the capacitancewas preserved. Furthermore, an energy density of 3.65Wh 
kg−1was exhibitedwhen a power density of 20.5 kW kg−1 was achieved at discharging current 
density of 100 A g−1. Using hydrothermal process, Chen et al. synthesized a NGH using 
organic amine and GO as precursor and the prepared hydrogels were immersed in KOH 
aqueous before the electrochemical measurement [140]. The supercapacitors exhibited 
a power density of 205.0 kW kg−1 at a charge/discharge rate of 185.0 A g−1 and a specific 
capacitance of 113.8 F g−1 with good cycling stability (95.2% of capacitance was retained after 
4000 cycles). There are two reasons for these remarkable performances: (i) a larger binding 
energy of the basal-plane pyridinic N and pyrrolicNresults in a larger number of ions to be 
accommodated on the electrode surface; (ii) big porous network and flat graphene structure 
contribute to fast adsorption and diffusion of potassium ion on electrode surface, leading 
to a fast charge/discharge rate and a very high power density. Incorporating “stabilizer” 
or “spacer” into 3D graphene architectures is one of the most promising ways to improve 
supercapacitors performance, especial in using pseudo-active materials, such as metal 
[141], metal oxides 142,143,144,145,146, 147,148–150,151,152–154, 155–162], conductive 
polymers [163,164,165,166,167,168–174] and carbon nanotubes [175]. For example, 3D 
graphene/Ni(OH)2 composite hydrogels prepared by Xu and coworkers exhibited a 
specific capacitance of ~1212 F g−1 at a discharge rate of 2 A g−1, while only ~309 F g−1 for 
the physical mixture of these two components was obtained [143]. After the cycling test at 
16 A g−1 for 2000 charge and discharge cycles, only a slight decrease in capacitance (~5%) 
was exhibited. Similarly, using 3D hierarchical β-Ni(OH)2 hollow microspheres wrapped in 
rGO, Wang et al. [176] obtained a specific capacitance of 1551.8 F g−1 at a current density of 
2.67 A g−1 and a capacity retention of 102% after 2000 cycles. The good performance of these 
composites mainly results in the synergetic effect of graphene and the other components. 
First, the pseudo-capacitive materials contribute pseudocapacitance to the whole composite 
electrode. Second, graphene sheets can effectively prevent the aggregation of nanoparticles 
and make full use of the electrochemically active material. Third, the interconnected 
porous 3D structure facilitates electrolyte diffusion as well as electron transport through 
electrically conductive channel. Tour et al. fabricated a supercapacitor based on seamless 
three-dimensional carbon nanotube and graphene hybrid material [175].
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Figure 7: Pyrolyzed graphene oxide/resorcinol-formaldehyde resin composites as high-performance 
supercapacitor electrodes [177]

Figure 8: Electrochemical performance of 3D-GN-based supercapacitor. [178]
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3. Conclusion

We summarized the progress to date on the electrode materials of ECs, including carbon-
based materials. Based on previous reports, the key factors that dictate the selection of 
electrode materials for ECs are the following: (1) high SSA, leading to the large capacitance; 
(2) suitable surface functional groups to enhance the capacitance by additional faradaic 
redox reaction and improve the wettability; (3) large pore size, short pore length, and 
straightforward pore connectivity to facilitate the ions diffusion with a high speed; (4) 
low internal electric resistance, which leads to fast charging-discharging and low ohmic 
resistance; (5) low volume and weight; (6) low price; (7) environmentally friendly materials; 
(8) thinner electrodes and current collectors. carbon-based materials with macro-, micro- and 
nano-structures have been applied to construct various attractive electrochemistry energy 
devices, sorbents and catalysts. A variety of methods including hydrothermal/solvothermal 
reaction, self-assembly, organic sol–gel reaction and template guided growth have been 
developed for preparing carbon based materials. Especially, the 3D architectures do not only 
assemble graphene nanosheets into macroscopic materials for practical applications but also 
provide fundamental frame works with more “space” for loading inorganic nanoparticles, 
organic or biological molecules. Although extensive efforts have been devoted, studies 
about materials fabrication and their applications in energy and environmental-related 
field are still in primary stages. At least, the following challenges still remain. A green and 
facile method is highly required to synthesize 3D graphene architectures with designed 
compositions, shapes, pore sizes and porosity. For instance, large pores with size up to a 
few hundred nanometers in 3D graphene framework are not good for electrolyte filtration 
in supercapacitors, resulting in low electric double layer capacitance. To enhance the 
capacitance (or energy density) of pure 3D graphene, pseudo-capacitive materials are 
usually suitable. Among the numerous potential dopants, what are the most suitable 
and efficient dopants and methods for the improved capacitive behavior of 3D graphene 
materials? So there is tremendous room available in the design and synthesis of novel 
carbon-based materials for energy-related applications. Although some literatures indicated 
that carbon-based materials products have prominent ability in the field of pollutants 
detection and environmental remediation. There are a lot of pollutants and microorganism 
that exist in circumstance, and only a small part of them have been explored. Thus, the 
mechanisms of pollutants detection and removal based on multifunctional carbon-based 
materials need to be further developed. Porous carbon-based materials with the porosity 
and flow characteristics can be applied for flow-through reactors in separation and catalytic 
processes. The safe operation and “green chemistry” in environmental protection should 
also be considered for practical applications.
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