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Overcoming the global energy crisis due to vast economic expansion with the advent of human reliance on

energy-consuming labor-saving devices necessitates the demand for next-generation technologies in the

form of cleaner energy storage devices. The technology accelerates with the pace of developing energy

storage devices to meet the requirements wherever an unanticipated burst of power is indeed needed in

a very short time. Supercapacitors are predicted to be future power vehicles because they promise faster

charging times and do not rely on rare elements such as lithium. At the same time, they are key

nanoscale device elements for high-frequency noise filtering with the capability of storing and releasing

energy by electrostatic interactions between the ions in the electrolyte and the charge accumulated at

the active electrode during the charge/discharge process. There have been several developments to
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increase the functionality of electrodes or finding a new electrolyte for higher energy density, but this field is

still open to witness the developments in reliablematerials-based energy technologies. Nanoscalematerials

have emerged as promising candidates for the electrode choice, especially in 2D sheet and folded tubular

network forms. Due to their unique hierarchical architecture, excellent electrical and mechanical

properties, and high specific surface area, nanotubular networks have been widely investigated as

efficient electrode materials in supercapacitors, while maintaining their inherent characteristics of high

power and long cycling life. In this review, we briefly present the evolution, classification, functionality,

and application of supercapacitors from the viewpoint of nanostructured materials to apprehend the

mechanism and construction of advanced supercapacitors for next-generation storage devices.

Introduction

State-of-the-art technology has revolutionized the energy

industry on a large scale and has led to many discoveries

thereaer. A lot has been achieved in this direction, although

achieving longer cycle life and high energy density is still

a challenge. A primary challenge in this scientic era has been

imposed by us (human population) due to high energy

consumption and a high pollution generation rate to reduce the

energy consumption that led many researchers to develop effi-

cient supercapacitors. The key issues, e.g., high production cost,

low energy density, and short cycle life, have been the major

concerns in the supercapacitor industry to date and to over-

come these aforementioned problems, various critical

approaches have been explored as follows: (a) developing

aqueous electrolytes to reduce high cost, (b) hybrid super-

capacitor, solid-state supercapacitor and nonporous electrode

materials production to overcome the low energy density

problem, and (c) introduction of novel electrode materials

(ionic liquids) to overcome the problem of short cycle life. Above

all, the understanding of fundamental and basic science, e.g.,

surface chemistry, dielectric properties, and materials proper-

ties, may help overcome the major challenges and the vision of

achieving low-cost production, high energy density, longer cycle
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life, and high efficiency can be fullled. Over the past three

decades, intensive research has been carried out to meet the

demand for next-generation technologies to overcome the

global energy crisis with the advent of human reliance on

energy-consuming labor-saving devices in which super-

capacitors play a pivotal role. They have been known for many

decades under colloquial terms, e.g., “supercapacitors”,

“double-layer capacitors, “ultracapacitors”, “power capacitors”,

“gold capacitors”, “power cache” etc. and it's still a very rapidly

emerging topic with the hope to fulll the criteria of energy

storage and hence avert future energy crises.1 In the early 1950s,

the design of fuel cells and rechargeable batteries came into

action with the usage of carbon electrodes with a high specic

surface area and thus the era of designing capacitors to achieve

high energy storage was initiated. A low voltage electrolytic

capacitor with porous carbon electrodes was developed by H.

Becker in 1957, which led to the design of a capacitor with high

capacitance.2 Extending the concept of Becker, in the period of

1966–1970, Standard Oil (Ohio) developed electrical energy

storage apparatus which was further documented by Donald L.

Boos in 1970 as an electrolytic capacitor with activated carbon

electrodes. In 1971, SOHIO did not commercialize their inven-

tion rather they licensed their technology to a Japanese multi-

national information technology and electronics company that

nally marketed “Supercapacitors” with the purpose to provide

backup power for computer memory. The actual term “super-

capacitor” was introduced by Brian Evans Conway in 1999

illustrating fundamental experiments on ruthenium oxide

electrochemical capacitors to explain the increased capacitance

due to surface redox reactions with faradaic charge transfer

between electrodes and ions ultimately leading to increased

electrochemical energy storage.3,4 The evolution of super-

capacitors caused a boost in power applications that led to the

introduction of “ultracapacitors” in 1992 by Maxwell laborato-

ries which further concentrated on the increase in the electro-

lyte's breakdown voltage. In 1994, an “Electrolytic-Hybrid

Electrochemical Capacitor” was introduced by David A. Evans

which combined a high dielectric strength anode with a high

pseudo-capacitance metal oxide cathode yielding a hybrid

capacitor. Eventually the previous developments led to the

emergence of lithium-ion capacitors in 2007, which took the

industry to the next level in terms of power storage and appli-

cations. The phase of 1957–2007 has marked the evolution of

supercapacitors in a drastic manner but they have some limi-

tations, for instance, high production cost, low energy density

and short cycle life (Fig. 1). Several projects were initiated aer

the introduction of lithium-ion supercapacitors that offered the

highest gravimetric specic energy (15 W h kg�1, 54 kJ kg�1).

Their limitations were greater than their advantages up to 2013,

but the focus has been on improving specic energy, reducing

internal resistance, increasing lifetimes and reducing costs.5

Graphene6 based supercapacitors were introduced in 2010 by

Belle Dumé; more specically, curved graphene sheets that

could store high energy with a specic charge density of 85.6 W

h kg�1 at room temperature and 136 W h kg�1 at 80 �C.6 The

technology marked the beginning of the developmental phase

of supercapacitors that are comparable to nickel-metal hydride

batteries . Researchers around the world have made strides in

improving the specic capacitance of graphene-based super-

capacitor electrodes but they have some major drawbacks in

terms of capacitance which did not meet the criteria of the

theoretical capacitance of 550 F g�1 despite the high specic

surface area of single-layered graphene sheets (�3000 m2 g�1).7

Several modications have been made towards improving

the specic capacitance, longer cycle life, and particular mate-

rials used for electrodes and electrolytes. The discovery of

carbon-based supercapacitors by the activation of graphene

marked the progress of supercapacitors in energy technology

and introduced new materials for use as electrode materials to

achieve high energy density, high charge density, higher surface

area, longer cycle life, and high capacitance.8 Table 1 demon-

strates the developments made thereaer by the introduction of

carbon-based supercapacitors.

Taxonomic classification

A typical Ragone plot9 (Fig. 3(a)) shows that supercapacitors play

a pivotal role in bridging the gap between traditional capacitors

and batteries and occupy a prominent position in developing

energy storage devices. Despite intensive research in energy

storage mechanisms, lithium battery technologies are still

lagging behind the increasingly punitive performance stipu-

lated by industries. To overcome this problem supercapacitors

have been widely used extensively, ranging from portable

devices to industrial power and energy applications to induce

a long-overdue change towards a sustainable generation,

management and consumption of energy without relying

explicitly on renewable resources. The combination of high

specic energy with high power density demands specic

energy storage mechanisms in which supercapacitors are best

in the aspects of performance and delivery from small scale

energy consumption to industrial scale. The taxonomy of

supercapacitors' broad classication based on electrolytes,

materials, and congurations draws signicant attention in

terms of energy storage capacity and their application,10 as

shown in Fig. 2.

Further divisions in electrolytes consist of organic,

aqueous and ionic liquids in which a longer cycle life can be

achieved in the order of ionic liquids[ aqueous[ organic

in terms of high potential difference, high specic energy,

and maximum power density.11–21 Materials-based super-

capacitors are subdivided into electric double-layer capaci-

tors (EDLCs), pseudocapacitors, and hybrid capacitors.22 The

unique storage mechanism of the materials based classi-

cation involves two signicant concepts mainly; one utilizes

the charge transfer concept between electrodes and electro-

lytes (faradaic) and the other is without any chemical reac-

tion/mechanism (non-faradaic).23 Material-based

subdivisions and mechanisms are listed in Fig. 2 and Table 2.

As far as the congurations are concerned, the classication

is based on the type of symmetry, e.g., symmetric (two equal

electrodes), asymmetric (two different electrodes with the

same mechanism) and hybrid (two different electrodes and

different mechanisms) among which to achieve better

72 | Nanoscale Adv., 2020, 2, 70–108 This journal is © The Royal Society of Chemistry 2020
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efficiency, hybrid-based supercapacitors are mainly used

nowadays.24,25

They are preferred because of their improved performance in

energy density without altering the power density , which

delivers higher specic capacitance due to their asymmetric

behaviour.26 The asymmetric behavior of hybrid-super-

capacitors gives enhanced characteristics such as intrinsic shell

area, atomic charge partition length, rapid and repeatable redox

reactions, etc., which has the combined characteristics of both

EDLC and pseudocapacitors respectively.25,27–29 Fig. 3(b) shows

the specic power–energy plot illustrating the storage capacity

of asymmetrical capacitors occupying the specic region with

an aqueous electrolyte, compared to other power devices such

as EDLCs, conventional capacitors, asymmetric capacitors with

organic electrolytes, and fuel cells. They have been proven to be

one of the best energy storage devices in terms of specic power

which is 100 times higher than that of batteries. In Fig. 3(c), out

of all the conventional supercapacitors, hybrid-based super-

capacitors exhibit an attainable performance focusing on

characteristic features as shown in the plot. There has been less

exploration of hybrid supercapacitors compared to the other

two types, and researchers hypothesize that they may

Fig. 1 Roadmap of the evolution, progress, and developments in supercapacitors.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 73
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outperform the most promising class of supercapacitors avail-

able today in the near future and further developments have

continued in order to tune the design and exibility22 which is

discussed further.

The merging of battery type faradaic or pseudocapacitive

electrodes with a capacitive electrochemical double layer (EDL)

electrode gives rise to hybrid supercapacitors that allow a rein-

forcing combination of properties of different components

synergetically.30 This combination can reinforce the need for

charge storage mechanisms in order to improve the overall

performance. In consideration of the combinatorial strategy to

develop hybrid supercapacitors, an optimal conguration is

thus required for the mixing approach (composite electrodes).

The mixing approach denotes the use of different electrodes in

appropriate proportions concerning relative concentrations and

particle sizes as are necessary for percolation paths keeping

their chemical nature, crystal structure, and physiochemical

properties stable. A growing number of hybrid materials for

electrodes have been developed with improved power and

energy densities. One such study by Dubal et al.30 proposed

hybrid combinations of electroactive and conductive materials

including a wide variety of inorganic species from oxides to

polyoxometalate clusters, conducting organic materials and

carbon-based electrodes, as depicted in Fig. 3(d). Also they

provided a list of cathode and anode electrode materials used to

optimize the performance, e.g., for the cathode,

Li1�xNi1�y�zCoyMzO4, LixMn2O4, LiMnO2, MnO2, V2O5, LiV3O8,

Li1�xVOPO4, and LixFePO4 specically focusing on LixFePO4

and for the anode, a wide variety of materials as well as

approaches have been investigated from lithium metal to

graphite and carbons to alloys and recently metal nano-

composites have attracted great interest, of which core–shell

LiMnPO4–LiFePO4 nanoparticles are an interesting example of

hybrid supercapacitors. Revisiting all the materials aforemen-

tioned is beyond the scope of this review. However, in this

review we will discuss some major advancements in two-

dimensional nanotubular material based hybrid

supercapacitors.

Fig. 2 An overview of the taxonomical classification of super-

capacitors. The lightning bolt symbol represents energy and the

cylindrical stack represents the storage.

Table 1 Developmental progress of supercapacitors after 2010

Year Material Development Specic energy Capacitance Cycles Specic power

2011 Potassium hydroxide434 Restructured-graphite oxide 85 W h kg�1 200 F g�1 >10 000
2011 Aza-fused-p-conjugated microporous435 Conjugated microporous polymer 53 W h kg�1 270 F g�1 10 000
2011 Single-walled-carbon nanohorn/

nanotube composite436
Composite electrode 990 W kg�1

2012 Nickel hydroxide437 Nanoake-CNT composite electrode 50.6 W h kg�1 3300 F g�1
— —

2012 Li4Ti5O12 (LTO)
438 Battery-electrode nanohybrid 40 W h l�1 10 000 7.5 W l�1

2012 Nickel cobaltite439 Carbon-aerogels composites 53 W h kg�1 1700 F g�1 2.25 W kg�1

2013 Graphene sheets440 Liquid-mediated transport network 60 W h l�1

2013 Activated graphene210 Macro- and meso-porous electrodes 74 W h kg�1

2013 NaxMnO2 (ref. 441) Nanoakes 110 W h kg�1 1000 F g�1

2013 Graphene electrodes442 3D porous graphene electrodes 98 W h kg�1 231 F g�1

2013 Graphene443 Chip-based energy storage 2.42 W h l�1

2013 Carbon nanotubes444 Vertically aligned CNTs 13.50 W h kg�1 300 000 37.12 W g�1

2014 Ru0.95O2
0.2–/Ca2Nb3O10

–/Ru0.95O2
0.2–

nanosheet ultrathin capacitors445
Room temperature solution-based
capacitors

27.5 mF cm�2

2015 Laser-scribed graphene/MnO2 (ref. 446) Hybrid capacitor 42 W h l�1 10 000 10 kW l�1

2015 Graphene447 Flexible and stackable laser-induced
supercapacitors

9 mF cm�2 0.02 mA cm�2

2016 WO3/2D WS2 layers
448 Transition-metal dichalcogenides 100 W h l�1 30 000 1 kW l�1

74 | Nanoscale Adv., 2020, 2, 70–108 This journal is © The Royal Society of Chemistry 2020
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A general overview of the construction and mechanism of

supercapacitors

Supercapacitors are devices that bridge the gap between

capacitor elements and rechargeable batteries and are capable

of storing charge/energy electrostatically by the help of two

porous electrodes (usually made up of porous activated

carbon)31 immersed in an electrolyte solution. They have been

evolved to boost high energy storage capacity in terms of peak

power demands or recapturing energy for which they are

considered to be more effective than batteries. The three key

elements of a supercapacitor are the separator, electrolyte, and

electrodes, and their properties uniquely complement its over-

all performance. The dielectric strength, chemical inertness,

porosity (ion-permeable) and shallow thickness are the most

important requirements for a separator for effective working of

the supercapacitor. The electrodes must also be highly porous,

with the highest possible specic surface area, low electrical

resistivity, high chemical stability, etc. The porous electrodes

are separated by a small distance, liquid, or wet dielectric

material. The electrodes and separator are impregnated within

a liquid electrolyte (aqueous or organic)32–35 that allows the

transfer of ions while providing insulation between the elec-

trodes36,37 driven by the electrode surface area and separation

between the electrodes which in-turn gives rise to double-layer

(Helmholtz layer) capacitance. The positive and negative ionic

charges within the electrolyte utilize the high surface area of

Fig. 3 (a) Typical Ragone plot showing power against energy density.473 (b) Specific energy/power performance for different energy storage

devices.30 (c) Ragone plot showing the recent status of supercapacitors, asymmetric supercapacitors, and hybrid supercapacitors.30 (d) Illus-

tration of various components used in the design of hybrid materials for energy storage.30 (a) has been adapted/reproduced from ref. 473 with

permission from Nature Materials, Springer Nature.473 (c–e) have been adapted/reproduced from ref. 30 with permission from Chemical Society

Reviews, Royal Society of Chemistry.30
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Review Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 3

1
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00307J


electrodes and accumulate at the surface and compensate for

the electric charge1,8,38–40 as shown in Fig. 4(a). As depicted by

Chen et al.,41 a supercapacitor is composed of a multilayered

structure including an inner compact layer, an outer compact

layer and a diffuse layer which consists of solvated cations and

anions. The electrode as shown in Fig. 4(b) is a porous carbon

negative electrode that involves chemical bonding which in

general is not purely physical nor chemical. The unsolvated

anions and partially solvated cations in the compact layers are

in the form of closely packed ions on the electrode surface and

give rise to linear potential distributions with different gradi-

ents. For instance, in the diffuse layer, ion concentration and

potential distribution deviate from linearity and reach a plateau

towards the end of bulk electrolyte solution as shown in

Fig. 4(b). The potential prole of the whole cell is given by eqn

(1)

U ¼ EP � EN, (1)

where U is the voltage, and EP and EN represent positive and

negative electrodes. As shown in Fig. 4(c), the potential in the

electrolyte solution (Es) remains constant due to the mobility of

ions. The ions from the electrolyte were adsorbed on the

maximal surface area of the electrode in which electrodes make

use of electrostatic attraction between ions and electrolyte that

allows the formation of oppositely charged layers at the inter-

face.42 Due to the high surface area of the electrodes, the charge

storage mechanism and the performance on the basis of

specic capacitance and energy density are better than those of

conventional electrochemical capacitors.43 Supercapacitors can

be classied into EDLCs and pseudocapacitors based on their

energy storage mechanism, as shown in Fig. 4(d). The two main

storage mechanisms in supercapacitors involve electric double-

layer charge storage at the interface between the electrolyte and

electrodes, and the pseudocapacitance, involving reversible fast

faradaic redox reactions at the electrodes' surfaces. EDLCs are

the most common commercially available supercapacitors

where the charge is stored electrostatically or non-faradaically

using a double layer (Helmholtz layer) in which the charge

accumulates on the electrode surface by following the natural

attraction of unlike charges diffused across the separator into

the pores of the electrodes in the electrolyte medium

Fig. 4(e).1,44 The mechanism is followed by the generation of two

layers of polarized ions at the electrode interface due to the

applied voltage. The two layers i.e., one layer within the solid

electrode and the other with opposite polarity generated from

dissolved and solvated ions distributed in the electrolyte move

towards the polarized electrode which is separated by a mono-

layer of solvent molecules forming a molecular monolayer

called the inner Helmholtz plane that adheres by physical

adsorption on the electrode surface and separates the oppo-

sitely polarized ions from each other, forming a molecular

dielectric. In pseudocapacitors, the charge is stored faradaically

or electrochemically through the transfer of charge across the

interface. This phenomenon is achieved through electro-

sorption, reduction–oxidation reactions, and an intercalation

process as shown in Fig. 4(f).4,45 When voltage is applied at the

capacitor terminals, the polarized ions in the electrolyte move

to the opposite polarized electrode. The interface between the

surfaces of the electrodes and the adjacent electrolyte forms an

electric double-layer. The movement of one layer of ions at the

electrode surface and the second layer of adjacent and solvated

ions to the polarized electrode forms a static electric eld which

gives rise to double-layer capacitance. Accompanied by the

electric double-layer, some de-solvated electrolyte ions also act

as electron donors, permeate the separating solvent layer and

are absorbed by the electrode's surface atoms that deliver their

charge to the electrode resulting in a faradaic current. This

faradaic charge transfer phenomenon gives rise to pseudoca-

pacitance which is originated from a sequence of fast reversible

redox reactions, electrosorption or an intercalation process

between the electrode surface and electrolytes. The later devices

are oen misunderstood with a battery-type electrode storage

mechanism: as per the denition, the pseudocapacitor's

Table 2 Taxonomical classification of material-based supercapacitorsa,b

Types Mechanism Energy storage Performance Common materials

EDLCs Chemical transfer Non-faradaic 0.335 kW kg�1 average
specic power and 5 kW
kg�1 maximum specic
power in the potential range
of 0.0–2.8 V (ref. 449)

Carbon-based

Pseudocapacitors Chemical transfer (quick) Faradaic Average specic capacitance
range of 200–500 mF cm�2

Metal oxide-based

1–2 orders of magnitude
higher than that of EDLCs8

Hybrid Physical transfer Faradaic + non-faradaic Average specic power (0.5
kW kg�1) and maximum
specic power (9 kW kg�1) at
5 mA cm�2 in the potential
region of 1.0–3.0 V (ref. 449)

Both carbon and conducting
polymer or metal oxide-
based composites1

a Chemical transfer: Charge transfer between electrodes and electrolytes through electrosorption, redox reactions, and intercalation processes.8
b Physical transfer: Charges are distributed on the surface without making or breaking chemical bonds.
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Fig. 4 (a) Schematic representation of basic construction of a supercapacitor. (b) Cross-sectional interface of the electrochemical double layer

structure between a porous carbon negative electrode and an aqueous electrolyte. EN, EP, and Es are respectively the potentials of the negative

and positive electrodes, and the electrolyte. (c) Potential distribution in the electrolyte solution between the negative and positive electrodes. (d)

Energy storage mechanisms in supercapacitors e.g. electrostatic storage mechanism in double-layer capacitors & electrochemical storage

mechanism in pseudo-capacitors. (e) The charge is stored electrostatically or non-faradaically using a double layer (Helmholtz layer) in which the

charge accumulates on the electrode surface by following the natural attraction of unlike charges diffused across the separator into the pores of

the electrodes in the electrolytemedium. The arrows represent the polarized solventmolecular layer in the inner Helmholtz plane and the arrows

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 77
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electrodes must be capacitive, that is the storage should be

proportional to the applied voltage, while, in batteries, a at

discharge plateau is oen observed. This behavior is charac-

teristic of the electrode and cannot be applied in case of the

asymmetric or hybrid device performance.46 In both, the storage

mechanisms are synergetic between electrode and electrolyte

materials.47 Generally, when the voltage is applied to a super-

capacitor, ions in the electrolyte solution diffuse into the pores

of the electrode of opposite charge and charge accumulates at

the interface between the electrodes and the electrolyte, form-

ing two charged layers (double layer) with an extremely small

separation distance. The capacitance value C is proportional to

the surface area A and is the reciprocal of the distance d between

the two layers48,49 as depicted in eqn (2).

C/A ¼ 303r/d, (2)

where 3r is the relative dielectric constant, and d is the thickness

of the double layer with surface area A. The thickness of the

double layer depends on the concentration of electrolytes and the

size of ions. To achieve a higher capacitance, porous electrodes

have been used to increase the surface area with an extremely

large internal effective surface. Carbon technology is oen used

in these capacitors because it creates a very large surface area

with a separation distance of just a few angstroms (0.1 nm), due

to its porosity which is discussed further in this review.

Charge–discharge mechanism

Although supercapacitors have many advantages over

batteries, they still lag due to some limiting factors, e.g., high

cost per watt, low specic energy, high self-discharge, low cell

voltage, etc. (Source: Maxwell Technologies, Inc.50). But in

consideration of a sudden surge of energy, supercapacitors are

slightly better than batteries due to their relatively fast charge–

discharge cycle (Fig. 5(a)). They exhibit the capability to store

more energy than conventional capacitors and are also capable

of delivering it faster than rechargeable batteries along with

a high tolerance towards charging and discharging cycles.

Fig. 5(a) demonstrates a typical charge–discharge prole where

supercapacitors supersede conventional batteries in terms of

time taken to charge and discharge, respectively. According to

the pie charts depicted in the gure, batteries take almost 80%

of time to charge (light green color in recharge time) as well as

to discharge (pink color in discharge time) in comparison to

supercapacitors whereas the time to charge and discharge is

comparatively shorter (less than 20%) in supercapacitors. In

addition to having a limited number of charge–discharge

cycles in batteries, the performance of the batteries' cycle life

signicantly deteriorated and shortened when a large pulsed

discharging current with a peak greatly exceeding the average

power consumption occurs. To reduce the peak current draw

in battery-powered electronics with a highly uctuating load,

supercapacitors are widely exploited to mitigate such load

current uctuations in batteries.51 Fig. 5(b) depicts a typical

charge/discharge cycle of supercapacitors and batteries.

Compared to hundreds of cycles for batteries, supercapacitors

have the ability to withstand thousands of cycles before

degrading and also have the ability to be deeply discharged

when compared to batteries. The self-discharge rate of super-

capacitors due to their composition is signicantly higher than

that of batteries. Fig. 5(c) illustrates the cyclic voltammograms

of positive and negative electrodes in a three-electrode cell and

galvanostatic charging and discharging plots for a two elec-

trode cell for rechargeable batteries and supercapacitors

respectively. Eqn (3) expresses the energy density of a super-

capacitor as:

E ¼

1

2
CV

2 (3)

E is the energy provided by the supercapacitor, C is the capac-

itance of the supercapacitor, and V is the voltage of the super-

capacitor. The potential for positive electrodes (Fig. 5(c)) tends

towards positive in the graph and is always higher than that of

negative electrodes due to electrical polarities. The electrical

polarities generated are due to the fact that current always ows

from positive to negative electrodes via an external circuit and

the electrons ow from negative to positive electrodes. Gener-

ally, faradaic reactions that are generated from the interface of

electrode|electrolyte are always present in rechargeable

batteries but not in supercapacitors and because of this differ-

ence, the minimum cell voltage can decrease to zero in super-

capacitors as shown in Fig. 5(c).

The voltage and current characteristics upon charge and

discharge of a supercapacitor are depicted in Fig. 5(d). During

charge, the voltage linearly increases and the current drops

when the capacitor is fully charged without any full-charge

detection circuit and when the condition of a constant current

supply is applied during discharge, the voltage drops linearly

and the current increases. The charge/discharge process is

unlimited in the case of supercapacitors but not in the case of

rechargeable batteries which have a dened cycle life. A

comparison can thus be established between batteries vs.

supercapacitors in terms of charge time; supercapacitors take

only 1–10 seconds to charge whereas batteries (lithium-ion) take

10–60minutes. Likewise, the cycle life is around 1million hours

in comparison to 500 h in batteries. The optimum cell voltage is

around 2.3 to 2.75 V in supercapacitors and 3.6 V in batteries

(referred from Battery University™ sponsored by Cadex Elec-

tronics Inc.).

Efficient charge storage mechanisms: electrodes

To improve the specic capacitance and charge storage,

supercapacitors rely on electrodematerials that are theoretically

and experimentally supported. Mostly carbon-based materials

with positive ions represent solvated cations. (f) The charge is stored faradaically or electrochemically through the transfer of charge across the

interface. This phenomenon is achieved through electrosorption, reduction–oxidation reactions, and an intercalation process. The arrows with

negative ions represent redox ions and arrows with positive ions depict solvated cations. (g) Depiction of symbols in (a and b). (b, c and g) have

been adapted/reproduced from ref. 41 with permission from Taylor & Francis.41
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are used in the fabrication of supercapacitors due to their high

surface area, low cost, availability, and technologies supporting

the production of carbon-based electrodes. Mostly EDLCs use

carbon-based electrodes as the charge transfer mechanism

strongly relies on the surface area accessible to electrolytic ions.

The nature of the electrode material depends on various prop-

erties, e.g., carbon, is primarily focused on subclasses of EDLCs

that is of great importance as they have a higher surface area,

easy fabrication, and low-cost material. Various forms such as

activated carbon, carbon nanotubes, and carbon aerogels can

be used to store charges in EDLCs out of which we have mainly

focused on nanotube structural conformations. There is an

increasing demand in the usage of carbon nanotubes in EDLC

electrode materials in the form of mesopores which are grown

as entangled mat that allows continuous charge distribution on

the available surface area. Physical mechanisms play a pivotal

role in charge transfer where the surface area is utilized more

efficiently to achieve higher capacitance.52,53 The diffusion of

electrolytes is more facile in mesoporous networks resulting in

low ESR (equivalent series resistance)54 and high power densi-

ties55 compared to other types of carbon-based electrodes.56–58

Inuential parameters such as the pore sizes, pore shape,

structure, surface functionality and electrical conductivity play

a pivotal role in increasing the specic capacitance,59,60 for

Fig. 5 (a). Comparison of the charge and discharge cycles of batteries vs. supercapacitors. Pink color signifies the discharge time cycle and light

green represents recharge timing (b). (c) The cyclic voltammograms of positive and negative electrodes in a three-electrode cell and galva-

nostatic charge and discharge plots for a two-electrode cell for rechargeable batteries and supercapacitors respectively. Umax and Umin are the

maximum and minimum cell voltages; Udis is the average discharge voltage; s and t: end times of the first charge and discharge cycle, s$ (t � s).

2s and 2t: end times of the second charge and discharge cycle. (d) Charge–discharge voltage curves (referred from Battery University™

sponsored by Cadex Electronics Inc.474). (c and d) have been adapted/reproduced from ref. 41 and 474 with permission from Taylor & Francis41

and Battery University™ Copyright ©2003–2018 Cadex Electronics Inc. (Cadex)474 respectively.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 79

Review Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 3

1
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00307J


example, when using activated carbon, single and multiwalled

carbon nanotubes, graphene, graphene oxide, etc.. One can

further discuss the other inuential parameters, e.g., pore size,

in inducing an effect on the specic capacitance and perfor-

mance of supercapacitors. Illustrative examples of carbon-

based nanoporous materials are shown in Fig. 6(a–d).

Effect of pore sizes on specic capacitance and performance

Gogotsi et al.61 made a major discovery on pore size effects on

specic capacitance based on the contribution of unsolvated

ions to capacity in purely double-layer electrodes using carbide-

derived carbons with pore sizes smaller than 1 nm. They

demonstrated the diffusion of ions through these pores upon

desolvation, which contributes to increasing capacitance.

Generally, the material used for electrodes is nowadays based

on porous carbon that uses ion adsorption on the surface. The

effect of pore size on capacitance may potentially improve the

performance by maximizing the electrode surface area. As

shown in Fig. 7(a), a detrimental effect on capacitance can be

observed with the increase in pore size while the specic

capacitance is normalized by the surface area of the elec-

trodes.62–64 Fig. 7(b) shows the optimization of electrodes to

potentially improve the performance based on pore size. The

specic capacitance is inversely proportional to the pore size,

and one can easily note the difference in pore sizes leading to

increased or decreased performance and specic capacitance.

When the pore size is larger than the size of the ions, the

contribution to capacitance is from the adjacent pore walls but

having reduced specic capacitance,65 whereas the decrease in

the size of the pores approximate to the crystallographic

diameter of the ions led to increased capacitance as the solva-

tion shell/pore is highly distorted and squeezes the ions

allowing a closer approach of the ion center to the electrode

surface.66–69

By assuming that the carbon electrodes are cylindrical, the

specic capacitance with respect to the specic surface area

(SSA) can be depicted as given in eqn (4)

C

A
¼

30 3r

b ln

�

b

b� d

� (4)

where 3r is the electrolyte dielectric constant, 30 is the dielectric

constant in a vacuum, b is the pore radius and d is the distance

between approaching electrolyte ions and the carbon

surface.70 One such theory has been experimentally demon-

strated by Gamby et al.,71 who has shown that the specic

capacitance of porous carbon electrodes showed a peculiar

dependence on pore size. When the pore size is above 2 nm,

the surface-specic capacitance decreases as the pore size

decreases due to less accessibility for ions. But this pore

dependence theory has been contradicted by Kiyohara et al.,72

Fig. 6 (a) Ordered structures with slit pores, nanotubes and asymmetric nanoporous carbons.42 (b) Symmetric supercapacitor based on metal

oxide framework derived nanoporous carbon.475 (c) Stacked geometry model for a carbon-based electrodematerial consisting of GO electrodes

with pure EMI + BF4�.476 (d) Porous electrodes made of carbide derived carbon immersed in a BMI-PF6 ionic liquid electrolyte.477 (a) has been

adapted/reproduced from ref. 42 with permission from Springer Nature.42 (b) has been adapted/reproduced from ref. 475 with permission from

the Royal Society of Chemistry.475 (c) has been adapted/reproduced from ref. 476 with permission from the Royal Society of Chemistry.476 (d) has

been adapted/reproduced from ref. 477 with permission from American Chemical Society.476
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stating that when the pore size is smaller than 2 nm the

surface-specic capacitance increases as long as the pore size

is larger than the ions which was illustrated by Monte Carlo

simulations. The enhanced understanding of ionic transport

in porous media can be demonstrated by the charge storage

mechanism in ionic pores smaller than the size of solvated

Fig. 7 (a) Solvated ions residing in pores with varying adjacent pore walls. A decrease in the pore size leads to high or improved capacitance with

the efficient approach of ion mobility towards the pore walls. The detrimental effect on capacitance can be observed with the increase in pore

size as per Chmiola et al.62 (b) The plot depicts effect of synthesis temperature on the SSA, and the average pore size of CDC. Redline illustrates

the SSA values and Blue line depicts the pore size. (b) has been adapted/reproduced from ref. 62 with permission from the American Association

for the Advancement of Science.62

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 81
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electrolyte ions. Furthermore, these ndings also allow the

design of specic capacitors for several applications such as

hybrid electric vehicles. Further tuning the carbon porosity

and designing carbon materials with a large volume of narrow

but short pores may allow both energy and power character-

istics to be improved. Kornyshev et al.73 (Fig. 8(a)) showed the

accumulation of only one row of ions in a narrow nanopore in

an unpolarised electrode using the two state ising model.

Speaking about the pore radius, a tiny change in the pore

radius might affect the voltage dependence on capacitance

showing a smeared resonance as shown in Fig. 8(b). The

standard way of increasing the capacitance is to decrease the

pore size of the electrodes as well as the thickness of pore

walls. The model that they presented was based on several

assumptions: (i) the propensity of cations and anions to

occupy the pores in the electrode even in the unpolarized state

of the electrode; (ii) during the polarisation of electrodes, co-

ions tend to replace the counter ions; (iii) the ions are densely

packed with no voids in between them; (iv) electrostatic

interaction of ions in the pore is screened by polarization of

pore walls.

To gain an insight into the intrinsic effects of nanopores

on the electrochemical capacitive behavior, several

experiments and hypotheses have been proposed. Itoi et al.

proposed that heteroatom doping into porous carbon mate-

rials would potentially change the behavior of pore structures

and sizes which in turn give noticeable pseudocapacitance in

microporous carbon, e.g., ZTC (zeolite-template carbon).74 To

increase the charge efficiency, the pore size distribution of

electrode materials should be optimized for the removal of

targeted ions by capacitive deionization through entrapment

in EDLCs where the porous electrodes are polarized.75 Design

and optimization of nanopores in graphene are critically

important due to tunable porous channels which could

potentially enhance the electrochemical storage capacity.76

Jung et al. showed that graphene aerogel supercapacitors

exhibit a specic capacitance of 325 F g�1 at 1 A g�1 and an

energy density of 45 W h kg�1 in a 0.5 M H2SO4 aqueous

electrolyte with high electrochemical stability and electrode

uniformity. Urita et al. proposed an ideal porous structure of

carbon electrodes for EDLCs where the gravimetric capaci-

tance was above �200 F g�1 even in an organic electrolyte by

utilizing the carbon nanopore surface more effectively.77 For

enhanced capacitive deionization (CDI), Gao et al. proposed

that the usage of carbon electrodes with optimized chemical

surface charge could extend the CDI working voltage window

Fig. 8 (a) Schematic cross section of a negatively polarized electrode pore showing accommodation of one line of ions in the order of d < 2a <

2d. One dimensional lattice representation of distribution of ions. Reprinted with permission from Royal Society Publishing.73 (b) The specific

voltage-dependent differential capacitance of a single pore per unit surface area. The effect of the diameter of the pore, shown for an ion

diameter of 0.7 nm (upper panel) and 1 nm (lower panel); the effective dielectric constant of the pore interior, 3 ¼ 2. Due to saturation of charge

density, the capacitance vanishes very quickly with voltage. (a and b) have been adapted/reproduced from ref. 73 with permission from the Royal

Society of Chemistry.73
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through discharge voltage which in turn increases the salt

adsorption capacity.78 Several other studies proposed the

characterization and effects of porous electrodes to meet the

demands of three basic requirements: (i) increase the capac-

itance values, (ii) low resistance, and (iii) stability.77–90 Inter-

esting work by Kalluri et al.91 reported atomistic simulations

to study the effect of pore size and surface charge density on

the capacitance of graphitic nanoporous carbon electrodes.

They showed that through molecular dynamics (MD) simu-

lations of pore-size dependent accumulation of aqueous

electrolytes in slit-shaped graphitic carbon pores of different

widths (0.65 nm to 1.6 nm), the capacitance of wider pores

does not depend signicantly on the applied potential

window. Rather, the penetration of ions into pores becomes

more difficult with decreasing pore width and increasing

strength of the hydration shell which is in contrast to previ-

ously reported pore size effects. Another study by Song et al.92

reported the intrinsic ion selectivity effects of narrow hydro-

phobic pores using single-walled carbon nanotube

membranes. They performed MD simulation studies with

a pore radius of 3.4–6.1 Å, to show that Na+, K+, and Cl� face

different free energy barriers when entering hydrophobic

pores which gave consistent results with the work of Tai

et al.93 MD simulations proposed earlier have been consistent

with experimental results.94–120 Seminal studies by Kornyshev

et al.73,121 proposed superionic states in EDLCs with nano-

porous electrodes which are in agreement with the studies of

Chmiola et al. & Largeot et al.,63,122 where they have explained

the effect of an anomalous increase in capacitance with the

decrease of pore size using image forces that exponentially

screen out the electrostatic interaction of ions in the interior

of pores. Also, basic assumptions for a nanopore model made

by Kornyshev et al.73 led to future theoretical and experi-

mental developments which may be useful for understanding

what, in principle, nanoporous electrodes could deliver for

energy storage. Apart from experimental and molecular

atomistic observations, several rst principles-based DFT

(Density Functional Theory) theories have been proposed to

exhibit the supercapacitor capacitance based on nanopore

networks.123–136 The state of the art DFT methods have been

proposed to calculate pore size distribution in various nano-

porous materials.132,137–158 For instance, in the seminal studies

of Seaton et al.,159 the pore size distribution from adsorption

isotherms has been determined by DFT based methods in

which they have suggested a method for modeling nitrogen

adsorption on porous carbon by local mean-eld approxima-

tions. Lastoskie et al.160 used non-local DFT within Tarazona

smooth density approximation for modeling nitrogen

adsorption on carbons. The pore size distribution range has

been depicted below in the gure to understand the mecha-

nism of how electrode porosity has a direct effect on particle

to particle contact between the active material and the

conductive diluent. By controlling porosity, higher intra-

electrode conductivity can be achieved to ensure adequate

electron exchange as well as sufficient void space for electro-

lyte access/transport.

Electrolyte materials and their applications

Apart from the most inuential components such as elec-

trodes, electrolytes have a greater impact on the performance

of supercapacitors on the basis of ionic type, size, ionmobility,

ionic conductivity, viscosity, thermal stability, and voltage

window. We will cover some aspects of electrolyte materials to

enable the readers to understand the importance of this in

designing supercapacitors. The equivalent series resistance

(ESR) is an important parameter for determining the power

density of supercapacitors where the type of electrolyte used

generally governs the charge/discharge rate. The electrolyte is

usually the primary limiting operating voltage of the super-

capacitor with its chemical stability issues.161 A schematic

overview of the classication of electrolytes is illustrated in

Fig. 9, comprising liquid electrolytes which include aqueous,

non-aqueous, organic, ionic liquid, neutral, alkaline, mixed

and acidic electrolytes; redox-active electrolytes that include

gel polymers; solid-state/quasi-solid-state electrolytes which

include inorganic solid-state electrolytes, solid polymer elec-

trolytes, and gel polymer electrolytes.162 Considering the

effects of electrolytes on increasing capacitance and power

density, widening the potential window of the solution is one

of the effective solutions. Higher priority must be given to the

potential window in a range of working voltages for which the

other parameters, e.g., power density, temperature range, salt

solubility, material interaction, ion pore size, and electro-

chemical stability, under various conditions cannot be over-

looked.163 Great efforts and multiple research activities are

currently driven towards the development of advanced mate-

rials and congurations for enhanced energy densities, as well

as cheaper preparation and processing methods. The afore-

mentioned materials (electrodes and electrolytes) are widely

fabricated, which in turn enables researchers to design novel

material based supercapacitors. We will discuss the many

efforts and approaches taken by researchers to design

advanced electroactive materials and electrodes (specically

nanotubular materials) which is the main objective of this

review.

Nanotubular networks

Since miniaturization of electronic components enables faster

and more energy-efficient devices, micro- and nano-sized

supercapacitors play a crucial role in the ltering of high-

frequency noise in such systems. As capacitance is connected to

physical size, any other technology would simply take too much

space in microelectronic assemblies. Following these require-

ments, nanotube networks were found to be excellent candi-

dates for supercapacitor materials (Fig. 10).

They can be made exible (and even stretchable), are

intrinsically porous and, being wrapped 2D sheets, possess an

exceptional surface-to-volume ratio. Materials possessing

tunable electronic properties can be used as electrodes within

a wide range from insulating boron nitride nanotubes (BNNTs)

to highly conductive carbon nanotubes (CNTs).164,165 One of the

important discoveries made in 1991 by Sumio Iijima is of

particular importance as the discovery of hollow, nanometer-

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 83
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sized tubes composed of graphitic carbon marked the begin-

ning of an era in carbon nanotubes (Fig. 11).

Nanotubular materials are classied into three types: single-

walled type (SW-type), multi-walled type (MW-type) and scrolled

type (S-type) which are rectangular sheets rolled into single and

concentric cylindrical forms with no edge atoms. S-type are

generated from a single straight sheet keeping both ends free 166

(Fig. 12(a–d)). In SW-type nanotubes, due to rolling of sheets

they undergo displacement of atoms which causes strain energy

which is given by the following eqn (5) and (6):

Es ¼ Ni30
+ Ni3e

(5)

Et ¼ N
30
+ N

3s
(6)

where N ¼ Ni + Ne, and Ni and Ne are the numbers of internal

and edge atoms respectively. 30 is the energy per atom of

a periodic large sheet. 3e is the energy per one atom associated

with edge atoms and 3s is the energy per atom due to strain. Also

the strain energy is correlated with the diameter of the tube

through eqn (7)

Fig. 9 Classification of electrolytes with electrochemical supercapacitor effects based on electrolytes.
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3s � 1/D
2
, (7)

Among the structural types of nanotubes, SW-type nano-

tubes are energetically more stable due to their topological

conguration and excess energy due to strain unless the

diameter of tubes is beyond a critical value e.g. N
3s
< N

30
. Their

unique topological and self-healing properties make these

tubes very stable, which, however, require certain efforts for

surface functionalization (Fig. 13), oen a necessary

Fig. 10 (a) Schematic view of a charged capacitor (left) and (b) supercapacitor (right): solid black—electrodes; dashed—separator; yellow—

electrolyte; nanotubes schematically shown in shades of gray; numbers indicate the hierarchical system of pores 1—small pores and 2 big ones; ”

+”—positive charge; ” .”—negative ion; ” �”—negative charge (electrons); ” 4”—positive ion. (c) Illustration of a part of a supercapacitor

consisting of monolayers of nanotubes.167

Fig. 11 A schematic diagram showing the discovery, morphologies, properties, and synthesis of carbon nanotubes.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 85

Review Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 3

1
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00307J


requirement for tuning the electrode properties as well as

matching the redox potential to that of the electrolyte. This is

achieved either by aggressive surface treatments167 or wrapping

CNTs with or around a polymer.168 Some polymers can form

nanotubes on their own or around templates, with the notable

example of the oldest known conducting polymer, polyaniline

(PANI) nanotubes. It is worth mentioning that most of these

materials are environment-friendly and/or are easy to dispose

of. The discovery of fullerenes envisage a new horizon in

synthesizing CNTs by rolling up graphene sheets into SWNTs

and MWNTs that exhibit high stiffness and chirality169–171 which

can be used in electronic devices as electrodes in supercapacitor

applications172 due to their high electrical conductivity and

exibility. To facilitate the ow of electrons in CNTs, the

fabrication and functionalization of the CNT networks is

required. Generally, CNTs have an electron mean free path of

�1 mm, an order of magnitude greater than conventional 2D

materials. To allow the electrons to move freely and to obtain

a better transport regime, the CNT networks present in the

channel area (between the source and drain contacts) in

conjunction with the electrodes require fabrication to observe

the change in electrical signals which is the key factor in

elucidating the mechanism of sensing. One such example has

been reported by Gui et al.,173 where CNT van der Waals

networks have been used to sense DNA nucleotides that showed

sensing capabilities. The 3D networks with a high surface area

and good electrical conductivity enable their use in various

applications where the storage of gaseous species or ions is

important. For instance, CNT networks in conjunction with

metal oxides constitute efficient electrodes for electrochemical

batteries and supercapacitors, in which the electrical conduc-

tivity and the large surface area of the CNT network are the key

parameters for the battery performance.174,175 Considering

lightweight supercapacitors, 3D nanotube networks with high

electrical conductivity can be used as electrical conductors; CNT

aerogels with densities of a fewmg cm�3 could provide excellent

substitutes for metal wires.176 A schematic view of CNT struc-

tures, effects and their application in supercapacitors is depic-

ted in Fig. 13 with the conception of building CNTs from

graphene177 via van der Waals forces providing ultra-high-

strength and light weight dimensions with conductive electrical

and thermal properties.

Various factors such as surface functionalization, heating,

and structural effects withmodied shape engineering inuence

the multiple applications of CNTs.178 For the rst time, Niu

et al.54 suggested that CNTs can be used as supercapacitors from

the viewpoint of surface functionalization effects using nitric

acid with functional groups on MWCNTs with a specic area of

430m2 g�1, a gravimetric capacitance of 102 F g�1 and an energy

density of 0.5 W h kg�1 obtained at 1 Hz on a single-cell device,

using 38 wt% sulfuric acid as the electrolyte. Structural effects

include the electrical charge accumulated due to electrostatic

attraction on the surface of the electrode/electrolyte interface

accessible by ions in the electrolyte. As CNTs possess a high

surface area, the specic capacitance is always high in most

cases; however, it also depends on the pore size distribution and

conductivity. To explain the structural effects, Zhang et al.179 that

CNTs with a diameter of about 25 nm and a specic area of 69.5

m2 g�1 had a specic capacitance of 14.1 F g�1 and showed

excellent rate capability, better than those of entangled CNTs. To

improve the graphitization of CNTs, heating is one of the major

criteria to remove amorphous carbon and depends on the

heating temperature and oxidization.180,181 With increasing

temperature, the specic surface area increases, whereas the

average pore diameter decreases and saturates at high temper-

atures. Chemical activation at surfaces of CNTs also enhances

specic capacitance by surface functionalization.53,182,183 For

instance, specic capacitance increased by almost seven times

aer chemical activation because of the microporosity of pure

MWCNTs using chemical KOH activation.182 Another example of

functionalization has been explained by Xiao et al.,184 in which

the electrochemical performance was enhanced by the effect of

annealing on different functional groups e.g., pCO, pCOH and

COOH at different temperatures to adjust the redox active

functional groups on freestanding CNT lms which was ach-

ieved at 200 �C that provides long term stability. Higher power

density is another characteristic feature that enhances super-

capacitor performance and can be achieved by shape engi-

neering of CNTs. Highly densely packed SWCNTs showed higher

capacitance and better performance for thick electrodes.185,186

Fig. 12 (a). Type of nanotube. (b) Pathways of obtaining nanotubes,

e.g., rolling of the sheet, (c) the surface of a core-type template, and (d)

the internal surface of a sheath-type template. Reprinted with

permission from Springer.478 (a–d) have been adapted/reproduced

from ref. 478 with permission from Springer Nature.478

86 | Nanoscale Adv., 2020, 2, 70–108 This journal is © The Royal Society of Chemistry 2020

Nanoscale Advances Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 3

1
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00307J


Systematical investigations of the aforementioned factors can

optimize CNTs for better performance and long-term stability. A

new horizon for application of CNTs came into the limelight

when Pankratov et al.187 reported on the rst self-charging

biosupercapacitor based on CtCDH/BOD (Corynascus thermo-

philus cellobiose dehydrogenase (CtCDH)/bilirubine oxidase

(BOD) electrodes for direct electron transfer (DET) communica-

tion as shown in Fig. 14.

Fig. 13 CNT network for supercapacitor applications and its effects.
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The capacitive part of the supercapacitor polyaniline/CNT

composite was prepared by drop casting a suspension of

nanotubes and electrodepositing a polyaniline lm on the

electrode surface.188 The charging part was comprised of CtCDH

and Myrothecium verrucaria bilirubin oxidase (MvBOx), used as

anodic and cathodic bio-elements, respectively, immobilized on

gold electrodes modied with 20 nm AuNPs.189 The self-

charging bio-supercapacitor provided a maximum power

density of 1.2 mW cm�2 at 0.38 V improved by a factor of 170 in

comparison to that of state-of-the-art EFCs albeit operating in

a pulsed power mode.190 Carbon-based nanotube networks used

for supercapacitors have been proven as promising candidates

for energy storage applications. To get an overview of the

specic capacitances of CNT based supercapacitors, we used

a graphical illustration that is depicted in Fig. 15.

The plot was developed based on the relationship between

specic capacitance (F g�1 on the y-axis) and energy density (W

h kg�1 on the x-axis). The color bar scale represents the specic

capacitance, and the category division was done based on

energy density values obtained from the references as depicted

Fig. 14 Self-charging biological supercapacitor; capacitive side was built using graphite foil modified with a polyaniline/CNT composite and the

charging side was prepared using an enzymatic fuel cell designed from 3D gold NP (yellow color) based nanobiostructures.190,479

Fig. 15 Relational graph depicting specific capacitance vs. energy density in various nanotube network-based supercapacitors.
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in Fig. 15. The 1st category191–197 consists of supercapacitors with

low energy density (0–10 W h kg�1) and specic capacitance

below 100 F g�1, the 2nd category54,56,196,198–208 consists of super-

capacitors with energy density in the range of 10–40 W h kg�1,

the 3rd category209–211 consists of supercapacitors with an energy

density range of 70–100 W h kg�1, and the 4th category212–214

consists of supercapacitors with energy density from 140–160 W

h kg�1 and the description of the materials is tabulated in Table

3. Recent progress in CNT based high-performance super-

capacitors has been immensely investigated using various

techniques215–230 and more systematic investigations are needed

to achieve high capacitance. However, using composite CNTs,

e.g. with oxides, polymers or both, as electrodes for the stability

of hybrid supercapacitor is still questionable.

Horizons of nanotube networks

Nanotube networks can be used as ultrathin separators made

of BNNTs, where 0.5 m thickness is reported,231 but the most

developed role of nanotube-based materials is in constituting

supercapacitor electrodes. The reason why nanotubes perform

better than, e.g., amorphous carbon (which is a cheaper

solution) is believed to be nanotube organization in the hier-

archical porous structure, with both micro- and meso-

pores.178,232 This nanoscale order especially contributes to

improved volumetric capacity, so that smaller devices can be

created for microelectronic applications. Currently, CNT-

based electrodes are the only ones where volumetric capacity

(per cm3) can be twice the gravimetric capacity (per gram) and

over 300 F cm�3, which means they can be relatively heavy in

terms of weight but with small dimension. The theoretical

limit for the capacitance of carbon-based materials in double-

layer charge storage supercapacitors is just below 600 F g�1, as

calculated from the specic capacitance of about 20 F cm�2

and specic surface area 3000 m2 g�1,43 and even smaller

values were reported.164 Finite conductivity and geometrically

limited full access to the whole surface area limit the specic

capacitance of pure carbon-based double-layer charge storage

supercapacitors to about 250 F g�1 and the practical energy

storage limit is then below 10 W h kg�1. In the following, we

will rst discuss nanotube networks, and then review ways to

overcome these limitations. One of the straightforward ways is

to use pseudocapacitive or hybrid storage mechanisms, where

template-made MgO2 nanotubes
233 and similar arrangements

hold a sort of a record.43 Another is to employ different

(asymmetric) electrode materials to extend the operating

voltage window beyond the electrolyte decomposition limit

when different potential windows of the electrodes are used to

maximize the operating voltage of the full device. In view of

the requirements imposed on superconductor electrode

materials, especially a hierarchical porous morphology,

nanotube networks for such applications are grown in

a controlled way. Different kinds of templates are used, like

Table 3 Relationship between specific capacitance (F g�1 on the y-axis) and energy density (W h kg�1 on the x-axis) in different materials as

shown in Fig. 15

Material
Energy density
(W h kg�1)

Specic capacitance
(F g�1)

CNTs 0.02 39
SWCNTs with transferred Cu 0.13 23
AMWCNTS 0.55 83
MWCNTs 1.1 79
CNTs 3.56 25.6
PAN based CNFs 6 60
MWCNTs 7 18
CNF-PAN + Naon 4 210
CNF bacterial cellulose N, P-codoped 7.76 205
MWCNT catalyst removed by HNO3 8 104
CNFs and PANI on PAN N2 doped 9.2 335
PAN/pitch base CNFs 15 130.7
VASWCNTs 16 73
CNF PAN + (PMHS) in DMF 17 127
Nanodiamond 17 40
Graphene sheet thermally reduced in water + IL solution which becomes gel in the end 17.5 156
MWCNTs transferred on Ni foil 20 21
CNF-bridged porous carbon by carbonization activation 20.4 261
VADWCNTs on CP 27 75
Carbon cloth/CNTs 28 225
Puried MWCNTs 30 21
(EG) exfoliated graphene 31.9 117
PAN-CNF + CNTS activation in KOH 70 146
Graphene sphere activated 74 174
CNFs@Ppy annealed at 900 �C 98 202
VAMWCNTs 148 440
Graphene water as a spacer 150 273
Graphene + CNTs on Ti 155 72
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Fig. 16 (a and b) Highly porous ZnO tetrapodal network template transformed into a nano-microtubular carbon based aerographite tetrapod

network through the CVD process. Hydrogen gas molecules selectively etch ZnO and toluene gas simultaneously deposits carbon at high

temperatures inside the CVD chamber. (a) The SEM image demonstrates the tetrapodal geometry of ZnO structures. (b) Converted carbon based

network tetrapodal morphology of the aerographite network. The conversion process takes place via selective removal of ZnO.385 SEM images of

aerographite conversion from ZnO: (c) partially converted, (d) almost converted, and (e) completely converted (crumbled aerographite

network).385,480,481 (f) Schematic of sacrificial growth of aerographite tubular carbon arms over ZnO arms through a belt-like growth process.

Aerographite structures retain the initial ZnO template architecture which is mainly tetrapodal. The aerographite tetrapods are hollow from inside

with a nano-microtubular arm morphology480,481 in contrast to the initial ZnO template which is solid. (g) TEM image of typical aerographite

particles in the ‘normal’ hollow, closed graphitic shell modification on a lacey carbon grid. (h) HR-TEM image with the parallel view of an aer-

ographite closed shell with a low curvature (diameter of the tubular ligamentz 2000 nm). (i) EFTEM was used to investigate the thickness of the

intact hollow closed shell aerographite ligament (red line indicates the locations where the thickness measurement was performed). (a–i) have

been adapted/reproduced from ref. 385 with permission from Elsevier.385
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ZnO tetrapods, alumina porous templates, MgO4, or templates

of catalyst particles deposited on a surface to facilitate the

growth of a” forest” of nanotubes, oen guided with an

external eld. Later followed strategies have oen called on

template-free growth methods.214,234 PANI nanotubes are

synthesized using a sodium dodecyl sulfate template. Hierar-

chical carbon nanotube tube networks created by a direct wet

chemical inltration of dispersed CNTs into a porous ceramic

network235 form self-entangled networks surrounding the

ceramic network in the form of a nano-felt assembly, resulting in

a double-hierarchical CNTT (CNT tube) architecture.165 Tubes

form an open pore structure with pores in the range of several

micrometers, which is benecial for supercapacitor applications

due to the ease of surface accessibility. Also, CNTT–polymer

composites were built over these networks. In 2017, a lightweight

material aerographite was introduced (Fig. 16). Aerographite236 is

a 3D interconnected carbon foam with a hollow tetrapodal

morphology. The electrical conductivity of aerographite is

strongly dependent on the wall thickness, the degree of graphi-

tization and the ambient temperature. The wall thickness of

aerographite, in turn, can be controlled by a stepwise reduction

of solid arms of the sacricial ZnO template with respect to

synthesis time, in which wall thicknesses between 3 and 22 nm

can be easily achieved (Fig. 16(a–f)).

The decrease of the wall thickness leads to a reduced elec-

trical conductivity of untreated aerographite (Fig. 16(b)). In

contrast, the conductivity of annealed aerographite increased

with reducing the wall thicknesses.236 Aerographite shows

a metallic conductive behavior that can be changed to semi-

conducting by further high-temperature treatment236 due to the

surface defects, charge carrier density and graphitization that

increases the electrical conductivity in thin-walled structures

and shows low bandgap energies as the bandgap energy is

dependent on the wall thickness of aerographite. The unique

combination of a high surface area, light weight, large porosity,

tunable conductivity, etc., of aerographite makes it a suitable

candidate with high potential in the direction of supercapacitor

and other energy-related applications.

Nanostructured materials for advanced supercapacitors

Nanotechnology has undoubtedly opened a new avenue

enabling new materials and technology for energy storage

applications. Out of all the new materials proposed to date for

Fig. 17 Typical SEM and TEM images of NSMs, e.g. 0D: (a) quantum dots, (b) nanoparticle arrays, (c) core–shell nanoparticles, (d) hollow cubes,

and (e) nanospheres. 1D: (a) nanowires, (b) nanorods, (c) nanotubes, (d) nanobelts, (e) nanoribbons, and (f) hierarchical nanostructures. 2D: (a)

junctions (continuous islands), (b) branched structures, (c) nanoplates, (d) nanosheets, (e) nanowalls and (f) nanodisks. 3D: (a) nanoballs (dendritic

structures), (b) nanocoils, (c) nanocones, (d) nanopillars and (e) nanoflowers. This figure has been adapted/reproduced from ref. 243 with

permission from Elsevier.243

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 91
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energy storage applications, graphene has proven to be the

mother of all graphitic forms because of its capacity to be

wrapped into 0D buckyballs, a roll of 1D nanotubes and

a stacked 3D graphite form.237 These materials continuously

spur the development of high capacitive, cost-effective, and

highly efficient energy storage. To mitigate the deciencies

imposed by lithium-ion batteries due to the lack of lithium

resources,238–241 nanostructured electrodes play a pivotal role as

they possess structure-dependent advantages accelerating the

reaction kinetics in the diffusion process as well as achieving

good cycling stability. The diversied advantages of various

nanostructures for high performance energy storage applica-

tions have attracted many researchers to delve into designing

electrode materials in many forms such as e.g. low dimen-

sional architectures (0D, 1D, 2D, and 3D), and hierarchical &

hollow nanostructures which include single-shelled hollow

spheres, tubular nanostructures, hollow polyhedrons, yolk-

shelled nanostructures, multi-shelled nanostructures and

frame like nanostructures.242 The characteristics of all the

diversied nanostructures can be summarized as follows: 0D

nanostructures can be amorphous or crystalline and exhibit

various shapes and forms being single or polycrystalline,

composed of single or multiple chemical elements respec-

tively, generally nanomaterials. 1D nanostructures comprise

nanotubes, nanorods, and nanowires being a standalone

material or embedded within another medium. 2D nano-

structures exhibit plate-like shapes including nanolms,

nanolayers and nanocoatings being single or multi-layered

structures deposited on a substrate. 3D nanostructures are not

conned within the range of nanoscale in any dimension

arbitrarily characterized above 100 nm, composed of multiple

arrangements of nanosized crystals in different orientations

which contain the dispersion of nanoparticles, bundles of

nanowires and multiple nanolayers. Nanostructured materials

(NSMs) have been characterized on the basis of dimension-

ality.243 0D NSMs comprise uniform particle arrays, e.g.

quantum dots,244 heterogeneous particle arrays, core–shell

quantum dots, onions, hollow spheres, and nanolenses. 1D

NSMs are ideal systems having a large number of novel

phenomena at the nanoscale level. The size and dimension-

ality of 1D NSMs depends on the structural and functional

properties such as nanowires, nanorods,245 nanotubes,246

nanobelts,247 nanoribbons,248 and hierarchical nano-

structures.249 2D nanostructures have two dimensions outside

of the nanometric size range and comprise junctions,

branched structures,250 nanoprisms, nanoplates,251 nano-

sheets,252 nanowalls253 and nanodisks.254 3D NSMs have a large

specic surface area and other superior properties over their

bulk counterparts arising from the quantum size effect, e.g.

nanoballs,255 nanocoils,256 nanocones, nanopillars257 and

nanoowers258 (Fig. 17). Particular importance has been given

to design heterogeneous nanostructures both theoretically and

experimentally for energy storage applications. A schema

devised by Liu et al.259 (Fig. 18) shows the nanostructured

materials used as electrodes acquire high energy densities at

high rate capabilities which can be dramatically enhanced if

optimal congured nanostructured materials can be chosen.

They have classied them into 4 major divisions such as 0-D

consisting of core–shell nanoparticles, nanospheres and

composite nanoparticles, 1-D consisting of CNTs and nanowire

arrays, 2-D consisting of graphene based composites and

carbon coated nanobelts and nally 3-D nanostructures

Fig. 18 Schematic illustration of different heterogeneous materials based on structural complexity. This figure has been adapted/reproduced

from ref. 259 with permission from the Royal Society of Chemistry.259

92 | Nanoscale Adv., 2020, 2, 70–108 This journal is © The Royal Society of Chemistry 2020
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consisting of mesoporous–microporous composite electrodes.

Some of the previously reported nanostructures comprising

the aforementioned structures have signicantly improved the

capacitance and storage capabilities for energy storage appli-

cations. 0D or quasi-zero-dimensional materials are atomic

clusters and nanoparticles which are spatially conned

molecular systems possessing an aspect ratio from one to

innity. They can be used as electrode materials with a nano-

scale crystalline particle size and show better discharge life due

to their high specic surface area eventually improving the

power density. Some of the typical examples considering 0D

nanoparticles for supercapacitor application include hydrous

IrO2 (ref. 260) (specic capacitance 550 F g�1), SnO2,
261 and

amorphous RuO2 (ref. 262) (specic capacitance 720 F g�1). He

et al.263 found that particle size has an intrinsic effect on

reaction kinetics to achieve better cycling stability in 0D

nanocrystals. Combining 0D active materials with carbona-

ceous materials is an effective strategy to improve the efficiency

of energy storage.264 Similarly 1D NSMs are also able to solve

the problem of low specic surface area and provide improvi-

sation for electrode active-materials. Zhao et al.265 investigated

the nanosizing effects of ultrasmall FeSe2 with a high surface

area which exhibits enhanced electrochemical performance

with a high capacity of 500 mA h g�1, good rate capability of

250 mA h g�1 at 10 A g�1, and superior cycling stability over 400

cycles. 1D nanostructures including metal oxide frame-

works,266–270 carbon-based materials271–278 and metal chalco-

genides279,280 have distinctive accelerated charge transfer

properties. Ou et al.281 synthesized rGO-coated Sb2Se3 nano-

rods that showed a current density of 0.1 A g�1, a good rate

capability of 386 mA h g�1 at a current density of 2 A g�1, and

excellent stability up to 500 cycles. In recent years, 2D nano-

structured materials have been a focus in materials research

due to their low dimensional characteristics and bulk proper-

ties. Their unique shape-dependent characteristics have

evolved to their usage in sensors, photocatalysts, energy

storage applications, and nanoreactors.282–284 Hierarchical

nanostructures or 3D nanostructures exhibit great cycling

stability259 and reaction kinetics due to their 3D congura-

tions,285–290 whereas hollow nanostructures owing to their well-

dened shell and interior void have versatile features

providing extra space for strain and buffering large volume

change during reaction improving the cycling stability.291–306

Owing to the characteristics of nanostructured materials, the

performance can be notably differentiated. Hybrid super-

capacitors comprising of 3D nanostructures have greater effi-

ciency due to the stoichiometry and arrangement of electrode

materials. Li et al.303 fabricated ultrathin MoS2 nanosheet

arrays vertically anchored on bagasse-derived three-dimen-

sional (3D) porous carbon frameworks for an efficient increase

in conductivity, high specic capacity and sodium-ion diffu-

sion rates. Gu et al.304 investigated four-layered bismuth oxy-

halogens for EDLC's capacitive and pseudo-capacitive

behavior. They concluded that due to the faradaic reaction

mechanism, BiOI exhibits the highest capacitance among the

four bismuth oxyhalogens; due to the high electronegativity of

F, BiOF has a higher capacitance than BiOCl and BiOBr and

due to the larger interlayer distance, BiOBr has a higher

capacitance than BiOCl. Similar work has been proposed for

the ne layered structure and properties of Bi2SiO5 and

Bi2O2CO3.
305

Fig. 19 (a) Carbon materials used in the work of Nomura et al. where they have demonstrated a superstable mesoporous carbon sheet made of

edge-free graphene walls. The figure depicts (a) SWCNTs (single-walled carbon nanotubes), (b) rGO (reduced graphene oxide), (c) AC (activated

carbon), (d) GMS (graphenemesosponge) powder preparation, and (e) sheet-moulded Al2O3 nanoparticles and a GMS sheet with cross-sectional

SEM and TEM images. (f) Cyclic voltammetric scans of (a) SWCNTs, (g) rGO (reduced graphene oxide) and (h) GMS (graphene mesosponge)

performed at 10mV s�1 in 1.5 M TEMA-BF4/PC. (i) Ragone plot measured at upper limit voltage. (j) Capacitance vs. cycle numbers. (a–j) have been

adapted/reproduced from ref. 320 with permission from the Royal Society Of Chemistry.320

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 93

Review Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 3

1
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00307J


Fig. 20 (a) Application of graphene-based supercapacitors in various sectors. (b) Graphene-based supercapacitors or miniaturized bio-

electronics. (c) Properties affecting the synthesis of graphene-based supercapacitors varying from 2D graphene to 3D curved graphene. (d)

Improved pacemakers and implantable medical devices. (e) Graphene-based supercapacitors for tissue engineering. (f) Graphene-based

supercapacitors for drug-delivery. (g) Antibacterial activity of graphene with altered biological properties.
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The imminent fortuity of graphene-based supercapacitors

In this current review, we will now focus on lightweight super-

capacitors that have an imminent opportunity to be used widely

in the near future, and one such example is graphene where we

can expect the scenario of using viable graphene-based super-

capacitors using advanced energy storage and recovery solu-

tions.306,307 Graphene is a thin layer of pure carbon endowed

with an abundance of specic features, such as being the best

known conductor, environmentally friendly and sustainable,

a tightly packed hexagonal honeycomb lattice procuring high

strength as it is the thinnest compound with high strength

and light absorption characteristics, and it can replace acti-

vated carbon in supercapacitors due to its high surface area,

light weight and elasticity.308 Due to its wide range of appli-

cability for instance usage in ultra-fast computers, trans-

forming transportation (cars and aircra), weaving washable

wearables, exible and transparent solar cells, cleaning up oil

spills, desalinating seawater, preventing microbial infections

etc., graphene has been considered as potential electrode

material for electrochemical energy storage devices.309 The

theoretical upper limit of storing charge previously was esti-

mated to be 550 F g�1 based on graphene-based super-

capacitors which are compared to current supercapacitors that

have a limit of 150 F g�1. One advantage of using graphene as

an electrode material is that it doesn't depend on the distri-

bution of pores like other carbon-based materials and has

a high surface area that is readily accessible to the electrolytes.

Utilizing the intrinsic surface area and surface capacitance,

the stacking of graphene layers has been avoided to increase

the efficiency of the heterogeneous electron transfer kinetics.

For that purpose curved graphene layers were introduced for

electrode material preparation where an energy density of 85.6

W h kg�1 at room temperature and 136 W h kg�1 at 80 �C were

measured at a current density of 1 A g�1.6 Although many

approaches have been used to synthesize graphene for

supercapacitor applications to prevent agglomerations that

tend to restack back to graphite,200,201,310,311 a novel low

temperature based exfoliation of graphene due to unique

surface chemistry has been obtained which has a high

capacitance rate and good energy storage performance.312 The

restacking and aggregation nature of graphene motivated by

strong p-p interaction compromises the capacitance values

and leads to reduced conductivity. To overcome the problem

of restacking, 3D graphene has attracted a lot of attention

.285,313–319 Conventional supercapacitors use activated carbon

as an electrode material whose stability has been compro-

mised for the automobile industry due to instability and high

voltage and temperature operations. The typical voltage of

single cells using activated carbon is limited to 2.8 V, and the

stacking of a large number of cells is thus necessary to achieve

300 to 500 V for automobiles that require high stability and

high operating voltage. Single-walled carbon nanotubes

(SWCNTs) are superior to ACs in terms of voltage stability and

can achieve up to 4.0 V at room temperature. Recently,

Nomura et al.320 reported a new electrode material, a seamless

mesoporous carbon sheet consisting of continuous graphene

walls with a very small number of carbon edge sites (Fig. 19(a–

e), which are the origin of corrosion reactions. Using this new

material, it is possible to assemble symmetric supercapacitors

with excellent stability under 3.5 V@60 �C and 4.4 V@25 �C

conditions (Fig. 19(f–j)), even using a conventional organic

electrolyte. Moreover, high-voltage operation at 4.4 V makes it

possible to achieve 2.7 times higher energy density compared

to conventional ACs.

As far as the applications of graphene-based supercapacitors

are concerned, several properties modulate the preparation of

graphene-based materials to be widely used in different appli-

cations that have an intrinsic effect on physical and chemical

properties. Properties321 and characteristics are depicted in

Fig. 20(c). An important physical property of supercapacitor

electrode materials is electrical conductivity which is imposed

by graphene due to fast charge transfer between the elec-

trodes.26 Another crucial aspect of graphene is surface func-

tionalities where heteroatom doping and introducing

functional groups are possible, for instance, oxygen, nitrogen,

and sulfur and phenol, keto, ether, and quinone groups

respectively.15,322–324 Other properties such as the edges, surface

area, pore size and interlayer distance between the graphene

sheets play a major role in increasing capacitance and power

density by the mechanism of synthesis for which physico-

chemical properties have been affected in order to produce

better performances.321 Apart from physicochemical properties,

some of the mechanical properties such as stiffness, strength,

and toughness affect the multi-functionality of such materials

which in turn is a challenge to the industry and scientists to

explore further.325 The development of supercapacitors is driven

by their applications (Fig. 20(a)). They include primarily inte-

grated energy sources, especially as a buffer in front of

a rechargeable battery. Such use prolongs the battery life and

enables fast energy recycling, e.g., from breaking of electric

vehicles. Supercapacitors can bemade exible with applications

in self-powered (especially piezo and small temperature differ-

ence powered devices) and wearable electronics (Fig. 20(b)). The

other main aspects of graphene-based biological super-

capacitors may enable improved pacemakers and implantable

medical devices using ions derived from body uids which

could lead to long-lasting cardiac pacemakers. They work on the

principle of graphene layered with a modied human protein as

an electrode which is typically 1 mm thick, exible and twisted

inside the body without any mechanical damage while

improving the charge storing capacity326 as depicted in

Fig. 20(d). The application is not limited to biomedical appli-

cations but has attracted many areas of research such as

bioengineering, drug delivery, tissue engineering, biotech-

nology and bioinformatics327 (Fig. 20(e)). Another specic

example is the antibacterial activity of graphene oxides that

have potential effects on therapeutics and disease diagnosis328

(Fig. 19(f)). Since graphene induces some electrostatic effects

the lipid bilayer acts as an electrolyte and graphene as an

electrode to induce charge transfer, thereby accelerating the

antibacterial activity through reactive oxygen species (ROS) and

oxidative stress329 (Fig. 20(g)). From environmental aspects,

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 70–108 | 95
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graphene-based materials have additional advantages in

addressing global environmental challenges.

Graphene-based materials can be used as a sorbent or pho-

tocatalytic material for environmental decontamination for

future water treatment and desalination membranes. The

exceptional properties of graphene-based materials have also

shown progress in the adsorption of several contaminants,

metal ions, organic compounds, and gaseous pollutants. Also,

graphene-based membranes such as nanoporous graphene

membrane sheets and graphene-oxide barriers have an addi-

tional advantage in water treatment, water desalination,

capacitive deionization, and antimicrobial activity whereas

reduced graphene oxide (rGO) is widely used in gas sensing

technology (chemical and biological sensing).330–354 The next

important factor inuencing EDLC performance is quantum

capacitance from electronic structure theory that arises from

the limited Density of States (DOS) contribution near the Fermi

level due to band lling/emptying during the charging of

EDLCs.355 The effects of quantum capacitance have been rstly

observed by Tao et al., on single-layer graphene in an electro-

chemical cell that showed good agreement with DFT predic-

tions.356 Later, Ruoff et al.357 studied the layer effect on the

capacitance for few-layer graphene electrodes, and Downard

et al.358 measured the quantum capacitance of aryldiazonium

modied few-layer graphene electrodes. Quantum capacitance

can be obtained from the electrode DOS directly357,359–364 and is

relevant for the studies of gated graphene and nanotubes for

capacitance–voltage proling. Ji et al.357 measured the capaci-

tance of one to ve-layer graphene in EDLCs where they found

that capacitance has been suppressed near neutrality and is

abnormally enhanced for thickness below a few layers. Recently,

Raha et al.365 investigated a forest-like 3D carbon structure

formed from reduced graphene oxide used as an electrode

material for high-performance supercapacitors where they vali-

dated the effect of quantum capacitance on a graphite sheet

based supercapacitor by means of DFT and experimental studies.

Zhan et al.366 investigate a novel C60-modied graphene super-

capacitor material, which highlights a complex interplay among

the surface morphology, electronic structure, and interfacial

capacitance, suggesting general improvement strategies for

optimizing carbon-based supercapacitor materials. An effective

strategy to construct novel electrode materials with high energy

storage density has been illustrated by Li et al.,367 using N-doped

graphene quantum dots for high-performance exible super-

capacitors. Song et al.368 and many other researchers369–378 inves-

tigated graphene oxide as a supercapacitor electrode material to

study the quantum capacitance by means of DFT studies. These

observations may shed light on developing new theoretical

models based on DFT studies for the improvement of the energy

density of carbon-based supercapacitors.

Two-dimensional nanotubular materials for hybrid

supercapacitors

Few capacity records are held by nanotube network-based

supercapacitors. The reason lies in a generally higher specic

surface area of activated carbon materials. However, these

structures oen lack the required hierarchical morphology.

Therefore exceptional capacitances are obtained only at slow

voltage scan rates. At about 5 to 10 mV s�1 scan rates capacities

reach the order of 500 F g�1, which will probably be improved

by the time this review is published,379,380 and the same is true

for rationally stacked graphene.381 Although carbon nanotube

network-based supercapacitors so far generally demonstrated

slightly lower capacitances, there are some notable exceptions.

CVD grown multi-walled CNTs on nickel catalyst particles

attached to microbrous carbon paper and functionalized

with carbon aerogel coating yielded 524 F g�1 capaci-

tance.176,381 Here the hierarchical morphology was created

from the aerogel to the CNT network and over to microbers.

This result can be 2 to 6 times improved (up to 3000 F g�1) by

activating the CNTs, however, at the expense of lower

stability.382 Lower stability with capacitance decreasing with

cycling can be understood from self-healing of activated

nanotubes, and opening the interior of the tubes with activa-

tion provides rate-dependent results. Already in 2011 a poly-

aniline–MnO2 nanotube nanocomposite supercapacitor was

demonstrated to have 626 F g�1 specic capacitance and

a corresponding energy density of 17.8 W h kg�1.383 The way to

improve these results is to employ pseudocapacitive charge

storage. However, for this purpose the currently used oxide

and polymer nanotube networks have an insufficient surface

area and conductivity compared to CNTs, graphene and acti-

vated carbon.384 Therefore, it is desirable to develop func-

tionalized carbon nanotube networks suitable for the hybrid

storage mechanism. For the rst time, the utilization of an

ultralight and extremely porous nano-microtubular aero-

graphite tetrapodal network as an electrode interface for

electrochemical capacitive energy storage was reported by

Parlak et al., in ref. 385. A simple and robust electrode fabri-

cation strategy based on surface functionalized aerographite

with optimum selected porosity leads to high specic capaci-

tance (640 F g�1) and high energy (14.2 W h kg�1) and power

densities (9.67 � 103 W kg�1). The study also indicates that

aerographite shows hybrid capacitive behavior, bearing

a double layer and pseudocapacitance simultaneously.

Recently Zhou et al.386 showed the fabrication of exible elec-

trodes based on nanocarbon electronic conductors combined

with pseudocapacitive materials for wearable supercapacitors.

Novel exible densied horizontally aligned carbon nanotube

arrays (HACNTs) with a controlled nanomorphology for

improved ion transport are introduced and combined with

a conformally coated poly(3-methylthiophene) (P3MT) con-

ducting polymer to impart pseudocapacitance. The resulting

P3MT/HACNT nanocomposite electrodes exhibit a high areal

capacitance of 3.1 F cm�2 at 5 mA cm�2, with areal capacitance

remaining at 1.8 F cm�2 even at a current density of 200 mA

cm�2. The asymmetric supercapacitor cell also delivers more

than 1–2 orders of magnitude improvement in both areal

energy and power density over the state-of-the-art cells. Yi

et al.387 demonstrated a hybrid supercapacitor constructed

from a Si-based anode (with boron doping) and a porous

carbon cathode that delivers a capacity of 685 mA Hg�1 at

a high current density of 6.4 A g�1. The hybrid supercapacitor
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exhibits a high energy density of 128 W h kg�1 at 1229 W kg�1

with a long cycling life (capacity retention of 70% aer 6000

cycles and low self-discharge rate (voltage retention of 82%

aer 50 hours)). Some of the recent advancements and prog-

ress in nanotubular materials for hybrid-based super-

capacitors are listed in Table 4.

Metal oxide (MO
x
) based nanotube networks for hybrid

supercapacitors

The current focus is synthesizing multifunctional materials with

ultralow density, a high surface area, and mechanical robustness

which are emphasized in energy storage devices.388 These nano-

structured materials have been devised to functionalize in energy

storage devices being fabricated on the basis of a high surface

area in which electrolyte ions can easily permeate, diffuse with

high porosity through these functionalized electrode mate-

rials.389–391 Many efforts have been devoted to incorporating metal

oxide frameworks into graphene sheets resulting in 3D composite

electrodes392 as shown in Fig. 21.

We will give some instances where nanostructured metal

oxides have been used as a framework for advanced super-

capacitors. As reported by Sharma et al.,393 hollow nano-

structures of copper oxides with various morphologies have

counteracted electrochemical stabilization in their solid coun-

terparts where higher specic capacitance values through cyclic

voltammetry and charge–discharge studies have been reported

compared to copper oxide-based composites with CNTs, gra-

phene and rGO. The specic capacitance as reported was esti-

mated to be 144 F g�1 at a current density of 1.0 A g�1 as

compared to conventional Cu2O/rGO,
394 microstructures,395 and

nanoparticle-MWCNTs396 with capacitance values of 31 F g�1,

173 F g�1, and 132 F g�1 at current density values of 0.1 A g�1,

0.1 A g�1, and 2.5 A g�1 respectively. The rst metal oxides

(RuO2), which brought limelight to pseudo-capacitors with very

high specic capacitance values was never used as a framework

for energy storage devices,397 due to high toxicity and cost.

Rather alternative approaches e.g. hybrid composites were

considered. For example, RuO2/CNT (anode) based composite

materials delivered high power with the aim of developing

Table 4 Progress in nanotubular materials for hybrid supercapacitors

Material Energy density

Specic/
volumetric
capacitance Cycles

Specic power
(W kg�1) Reference

Mo oxide nanotube arrays — 2000 F cm�3 >10 000 — 450
MoS2 nanosheets 26 W h kg�1 26.7 F g�1 6000 750 W kg�1 451
Poly(3-oligo(ethylene oxide))thiophene (PD2ET)
with SWCNTs

22.5 W h kg�1 399 F g�1 8000 — 452

MnO2�X/MWCNT — �259.6 F g�1 >10 000 — 453
(GO)/carbon nanotube (CNT) foams — 56.69 F g 2000 — 454
POM (polyoxometalate) based inorganic–organic
hybrids

986–1611 F g�1 1000 455

CoS2/NSC-CNT-p 14.1 W h kg�1 544.2 F g�1 2000 456
Bi-metal (Ni wire) organic framework nanosheets
Ni@CoNi-MOF/CNT

31.3 mW h cm�3 100 F cm�1 10 000 457

Ag micro/nanoparticles (MNPs) in MWCNTs — 1083 F g�1 10 000 — 458
Polypyrrole-based hybrid nanostructures 64 F g�1 500 459
TiO2-VACNT (vertically aligned carbon nanotube)
hybrid

16.24 mF cm�2 5000 460

Vertically aligned CNT-TiO2 0.041 mW h cm�2 6.436 mF cm�2 2000 461
Porous carbon nanotube-graphene hybrid bers
(CNT-GFs)

4.83 mW h cm�3 60.75 F cm�1 10 000 223

Zn–Co–S@HTCSs//Fe2O3@PPNTs 85.12 W h kg�1
�149 mA Hg�1 6000 460 W kg�1 462

Carbon nanosheet (CN)/CNT — 110 mF cm�1 10 000 — 463
Copper hexacyanoferrate (CuHCF)/MWCNT 60.4 W h kg�1 989 F g�1 10 000 0.5 kW kg�1 464
N-Doped carbon nanonet akes (NCNFs) — 613 F g�1 20 000 — 465
Copper (Cu) hydroxide nanotube array graed
nickel aluminum layered double hydroxide
nanosheets (CH NTAs@NiAl LDH NSs)

24 991.5 mW
cm�2

250 mAh cm�2 10 000 — 466

CNT/MnO2 8.14 mW h cm�3 492 F cm�3 7000 — 467
Ni6MnO8@CNTs 58.2 W h kg�1 711 F g�1 5000 831.4 W kg�1 468
Carbon ber-reinforced cellulose nanober/
multiwalled carbon nanotubes (CF-CNF/MWCNT-
HAs)

8.93 mW h cm�3 19.4 F cm�3 3000 469

TiO2 nanotube arrays (TNTAs) TNTAs/C/MnO2 465 mW h m�2 492 mF cm�2 3000 — 470
Ultrane tin dioxide (SnO2)/few-walled carbon
nanotubes (FWNTs)

30.63 kW kg�1 220.5 F g�1 1000 512.79 W kg�1 471

Zn2GeO4/CNT-O — 120 F g�1 200 000 — 472
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hybrid capacitors in combination with Co(OH)2/CNTs (cathode)

without loss of energy where the maximum energy density and

specic power density of the cell reach the value of 23.7 W h

kg�1 and 8.1 kW kg�1, respectively.398 For a high-performance

supercapacitor, MnO2 as a pseudocapacitive material has been

extensively investigated for fabricating ber shaped super-

capacitors in combination with CNTs. Gong et al. investigated399

a ber shaped supercapacitor with coaxial Ni as the current

collector based on a CNT/MnO2 hybrid nanostructure shell with

a capacitance of 231 mF cm�1. It works on the principle of redox

interactions and ion intercalation/deintercalation and has vast

applications in wearable electronic devices. Recently, vanadium

oxide (V2O5), a cheap transition metal oxide in combination

with CNTs, has become a promising candidate in super-

capacitor application.400 It possesses high porosity and high

pore volume that ensures electrolyte deposition on high surface

area electrodes within the range of nanometer-scale showing

a high specic capacity of 452 mA h g�1 and retaining up to 65%

of the capacity while discharging. Mandal et al.401 investigated

the same with a thin lm coating of �6 nm V2O5 that has a high

capacity of 680 mA h g�1 with a 67% retention rate during

discharge cycles. Low-cost zinc oxide (ZnO) based composite

materials have a greater impact on advanced supercapacitors

due to their viable properties such as good electrochemical

Fig. 21 Metal oxide (MOx) based composite materials for advanced supercapacitors, including composites doped with metal and nonmetallic

materials.
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reversibility, eco-friendliness, good cycling stability and simple

preparation. Kalpana et al. rst reported a ZnO/carbon aero-

gel402 composite where ZnO electrode porosity improves charge/

discharge cycles with the capacitance of the mixed oxide elec-

trode/carbon aerogel being 375 F g�1 at 75 mA cm�2. Wu et al.403

successfully synthesized ZnO/rGO compounds with uniform

incorporation of RGO sheets into the ZnO matrix and achieved

a specic capacitance of up to 308 F g�1 at 1 A g�1, and only

6.5% of the available capacity was attenuated aer more than

1500 cycles. Du et al. reported that a rGO and honeycomb-like

ZnO particle mixed material exhibited an improved capacitance

of 231 F g�1 at 0.1 A g�1 due to the presence of spacers and also

at the same time ower-like ZnO decorated rGO was reported

with a specic capacitance of 149 F g�1 at 0.1 A g�1.404,405 Bi

et al.406 demonstrated the molecular dynamics simulation of the

structure and performance of conductive metal–organic

framework (MOF) electrodes for supercapacitors with room

temperature ionic liquids. They applied jump-wise voltages

between two identical electrodes and monitored the charge

dynamics of applied voltage. They achieved a gravimetric energy

density of �57 W h kg�1 at a cell voltage of 4 V. The MOF with

the smallest pore diameter (0.81 nm) gives 8.8 mF cm�2 at �1.1

and +1.5 V and a pore diameter of 1.57 nm delivers a capaci-

tance of �10 mF cm�2 from �0.5 to +0.5 V. Also, to obtain the

best gravimetric performance, they have chosen MOFs with the

largest pore size �2.39 nm that delivered a higher energy of 57

W h kg�1 and power density of 135–390 kW kg�1 at a cell voltage

of 4 V.

Summary & outlook

In this review, we have summarized and systematically outlined

the conventional strategies associated with the development of

nanotube network-based supercapacitor materials, their prop-

erties, and their implications for supercapacitors' performance.

CNTs used for supercapacitor electrodes generally provide lower

specic capacitance than in the case of activated carbon.

Nevertheless, the mesoporous structure of CNTs results in

higher electrode conductivity and consequently higher specic

power. Functionalization with metallic oxides or conductive

polymers in the CNT material results in higher specic capac-

itance if such a composite is used for supercapacitor electrodes.

Composites such as MoS2 nanosheets anchored on N-doped

carbon microspheres with pseudocapacitive properties achieve

excellent rate capacity and cycling stability407 which shows good

application potential, along with a maximum energy density of

120 W h kg�1 and capacity retention of 85.5% over 4000 cycles.

But, with the ever-increasing demand for energy storage appli-

cations, lithium-ion batteries cannot meet such requirements

due to lack of lithium resources and uneven global distribution.

Researchers are now focused on potassium ion storage tech-

nology as a promising substitute for energy storage applica-

tions. Chen et al. proposed disordered, large interlayer spacing

and oxygen-rich carbon nanosheets for potassium ion hybrid

capacitors which promisingly showed a high energy density of

149 W h kg�1, an ultrahigh power output of 21 kW kg�1, and

a long cycling life (80% capacity retention aer 5000 cycles).408

As another such example 3D hierarchical NiCo2O4 nanosheets/

carbon nanotubes/carbon cloth as a exible electrode material

for electrochemical capacitors showed a maximum specic

capacitance of 1518 F g�1 at a scan rate of 5 mV s�1 in 2 mol L�1

KOH aqueous solution and excellent stability under the condi-

tions of long term cycling, mechanical bending and twisting

conditions.409 A recent paper on a metal oxide-based super-

capacitor using copper oxide nanoparticles with a multi-walled

nanotube nanocomposite yielded a specic capacitance of 452.8

F g�1 at a 10 mV s�1 scan rate. Also, the nanocomposite

exhibited good cycling stability with 90% capacity retention over

500 charge–discharge cycles.410 3D polyaniline nanothorns on

buckypaper as an electrode exhibit a high specic capacitance

of 742 F g�1 at 1 A g�1 in a 1 M H2SO4 electrolyte and a capaci-

tance retention of 76% aer 2000 cycles.411 As a supercapacitor

electrode material, NiCo2S4 nanotubes with a unique hollow

and spinous structure exhibit a good specic capacitance (630 F

g�1 at 1 A g�1), low internal resistance Rs (0.68 U) and high

capacitance retention (91% aer 3000 cycles) at 10 A g�1.412

Some of the recent developments in high-performance super-

capacitors using nanotubular networks have opened a new

avenue for exploring techniques, specically electrode charac-

terization and modulations, to achieve high power density,

capacity retention, and good cyclability.215,216,223–227,264,386,413–433

Although the advancements and implementations of nano-

tubular networks in supercapacitors have signicantly achieved

better storage capabilities and performance, tailoring and

optimization of materials are still in a developmental phase

where cost-effectiveness and good performance are some of the

key concerns in practical applicability. In an attempt to develop

a combination of high power and energy densities, hybrid

technology is one of the challenging aspects. For that we need

better understanding of surface chemistry between electrode

materials and electrolytes to improve the interfacial interac-

tions favorable for enhanced charge transfer. Nanoarchitectures

play a vital role in establishing a structure–property synergy

between different components such as porous electrode mate-

rials. Thus, surface-functionalized engineeredmaterials need to

be intensively explored to obtain an optimized supercapacitor

which can deal with the energy crisis we are facing today.
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W. P. Ela and R. G. Arnold, J. Membr. Sci., 2015, 483, 15–24.

114 D. Dubbeldam and R. Q. Snurr, Mol. Simul., 2007, 33, 305–

325.

115 I. C. Bourg and C. I. Steefel, J. Phys. Chem. C, 2012, 116,

11556–11564.

116 F. Y. Jiang, Y. Bouret and J. T. Kindt, Biophys. J., 2004, 87,

182–192.

117 C. L. Rountree, R. K. Kalia, E. Lidorikis, A. Nakano, L. Van

Brutzel and P. Vashishta, Annu. Rev. Mater. Res., 2002, 32,

377–400.

118 A. O. Imdakm and T. Matsuura, J. Membr. Sci., 2005, 262,

117–128.

119 M. M. A. Shirazi, A. Kargari, A. F. Ismail and T. Matsuura,

Desalination, 2016, 377, 73–90.

120 A. O. Imdakm and T. Matsuura, J. Membr. Sci., 2004, 237,

51–59.

121 A. A. Lee, S. Kondrat and A. A. Kornyshev, Phys. Rev. Lett.,

2014, 113, 048701.

122 C. Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi

and P. Simon, J. Am. Chem. Soc., 2008, 130, 2730–2731.

123 G. Feng and P. T. Cummings, J. Phys. Chem. Lett., 2011, 2,

2859–2864.

124 S. Wang, H. Li, H. Sawada, C. S. Allen, A. I. Kirkland,

J. C. Grossman and J. H. Warner, Nanoscale, 2017, 9,

6417–6426.

125 H. Zhou, X. Chen, L. Wang, X. Zhong, G. Zhuang, X. Li,

D. Mei and J. Wang, Phys. Chem. Chem. Phys., 2015, 17,

24420–24426.

126 Z. Jin, Fluid Phase Equilib., 2018, 458, 177–185.

127 L. Zhu, Y. Jin, Q. Xue, X. Li, H. Zheng, T. Wu and C. Ling, J.

Mater. Chem. A, 2016, 4, 15015–15021.

128 B. Jin, X. Zhang, F. Li, N. Zhang, Z. Zong, S. Cao, Z. Li and

X. Chen, Phys. Chem. Chem. Phys., 2019, 21, 6126–6132.

129 L. Zhang, Y. Xiong, Y. Li, M.Wei, W. Jiang, R. Lei and Z. Wu,

Fuel, 2017, 204, 1–11.

130 C. R. Clarkson, J. Wood, S. Burgis, S. Aquino and

M. Freeman, SPE Reservoir Eval. Eng., 2013, 15, 648–661.

131 A. V. Neimark and P. I. Ravikovitch, 2000, pp. 51–60.

132 Z. Li, Z. Jin and A. Firoozabadi, SPE J., 2014, 19, 1096–1109.

133 M. Thommes, R. Guillet-Nicolas and K. A. Cychosz, in

Mesoporous Zeolites: Preparation, Characterization and

Applications, 2015, pp. 349–384.

134 R. Zaleski, A. Kierys, M. Dziadosz, J. Goworek and I. Halasz,

RSC Adv., 2012, 2, 3729–3734.
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