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1. Introduction

In the current age of global connectivity and 
electrification, the demand for long-lasting 
and fast-responding energy storage devices 
is rapidly gaining scale and momentum. 
The current technology platform based on 
lithium-ion batteries does not meet the 
requirements of high-power applications. 
There is a strong current demand in energy 
storage technologies suited for both high 
energy density and high power density 
applications. Electrochemical capacitors, 
commonly referred to as supercapacitors, 
offer higher energy densities than conven-
tional capacitors, ultrafast charge/discharge 
rates, remarkable power density, prolonged 
cycle life, and low maintenance cost.[1,2] 
These beneficial features make superca-
pacitors a prime candidate for high-power 
applications in high-speed transportation 
and technologies that require fast on–off 
response such as uninterruptable power 
supply, hybrid electric vehicles, grid sta-
bilization systems, forklifts, load cranes, 
military weapons, aerospace equipment, 
etc.[1,3] However, the energy density of the 

supercapacitors has not yet reached the theoretically predicted 
high values. This is one of the reasons for the limited tech-
nology and investment readiness of supercapacitors in large-scale 
commercial applications. Therefore, the demand for the high 
charge-storage capacity and hence higher energy densities of 
supercapacitors without sacrificing their power density and cycle 
life necessitates further research and development.

There are two conventional routes to achieve the above-
mentioned goal: i) increasing the capacitance and ii) wid-
ening the potential window since the energy density (E) is 
proportional to the specific capacitance (C) and the square of 
potential window (V) via the relation E = 1/2CV2. An enhance-
ment in the specific capacitance can be achieved by proper 
architecturing the geometry and porosity, tuning the wetta-
bility, forming heterostructures, and properties of the electrode 
materials while the operational voltage window of the device is 
defined by the choice of electrolyte (aqueous, organic, ionic, or 
redox additive electrolytes) as well as the electrode configura-
tion (symmetric or asymmetric).[4–11] Since the selection of elec-
trode materials and their geometry plays a pivotal role in the 
supercapacitor performance, search for novel high-performance 
and cost-effective electrode materials is crucial. The diversity of 
viable electrode materials is huge, including nanocarbons, var-
ious 2D materials, conducting polymers, as well as metal oxides, 
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hydroxides, nitrides, and sulfides.[12–24] From morphological 
perspective, vertically oriented nanostructures with multiple 
large surfaces support efficient ion transport, enable gainful 
use of the entire (active) surface thus leading to much improved 
charge accumulation, storage, and release.[25–30]

These materials are classified based on the way they store 
electric charge, following either the electrostatic double-layer 
(EDL) capacitance or the pseudocapacitance mechanisms. 
The pseudocapacitive charge storage mechanism is due to 
the adsorbed monolayer formation of metal ions or protons 
on the electrode surface, rapid surface/near-surface redox 
reactions, and fast ionic intercalation into the near-surface 
atomic layers. While the pseudocapacitors already present 
ten-to-hundred times higher charge storage capacity than 
the carbon materials, they show low electrical conductivity, 
insufficient power density, poor mechanical/electrochemical 
stability, narrow windows of operation voltage, and some 
other problems, that limit their prospects for technological 
R&D.[8,13,24,31] In this regard, carbon-based materials represent 
the obvious choice for supercapacitor technology owing to 
their unique combination of features such as versatile dimen-
sionality (0D–3D), abundance on Earth, large surface areas, 
tunable porous architectures, excellent electrical conductivity, 
easy functionalization, leading to the high EDL capacitance 
and remarkable electrochemical stability.[12,32–35] Carbon-
based materials can also be operated over a wide temperature 
range of −100 to 60  °C, with extremely low failure rates.[36] 
Since energy storage and release occur by nanoscale charge 
separation or EDL formation across the electrode–electrolyte 
interface, carbon-based supercapacitors offer very fast charge–
discharge cycles suitable for prolonged operation.

Substitutional doping with, nitrogen (N), boron (B), sulfur 
(S), phosphorus (P), fluorine (F), silicon (Si), chlorine (Cl), 
functionalizing with oxygen (O), and their mixtures into the 
carbon surface is an effective way to simultaneously tailor 
the fundamental properties and improve the electrochemical 
properties and is rapidly gaining momentum in the advanced 
energy materials field and catalysis.[37–40] The changes in elec-
trode materials and performance (in the appropriate electrolyte) 
rely on several factors such as the type of dopant (e.g., electron 
donor or acceptor), dopant concentration, and specific doping 
configurations. For example, B-doped and N-doped carbon 
nanostructures exhibit p-type and n-type semiconducting fea-
tures, respectively. N-doped carbon shows more pronounced 
hydrophilic characteristics compared to B-doped and pristine 
carbon nanostructures due to the difference in the degree of 
polarity of functional groups, whereas B-doped carbon struc-
tures exhibit less intrinsic resistance than the N-doped ones.[41] 
Figure  1 shows the current status of doped nanocarbons as 
supercapacitor electrodes in terms of gravimetric capacitance 
compared to other existing electrode materials. The doping or 
codoping do not necessarily result in the high-performance 
supercapacitor electrode (Figure  2a,b).[42] Figure  2b reveals 
that the B/N and P/N-doped nanocarbons can discharge at a 
higher frequency than pristine and other doped nanocarbons. 
Choosing appropriate dopant(s) with the optimized amount 
and specific configuration is crucial to eliminate the negative 
effects such as decomposition of organic electrolyte leading to 
reduced electrical conductivity, electrochemical stability, and 

charge storage capacity. In addition to the above factors, the 
choice of electrolyte is critical since the nature of the on-surface 
functional groups and their electrochemical properties strongly 
rely on the type of electrolyte used. Hence, proper combination 
of dopants, nanocarbons, and electrolytes is essential to materi-
alize the full application potential of supercapacitors.

2. Scope of the Review

While research in the area of doped nanocarbon based super-
capacitors has been very intense in the last few decades, only 
a limited number of reviews with specific focal points are 
available.[43–46] There are several aspects that require more 
exhaustive coverage and in-depth discussion, especially of the 
underlying mechanisms. One such area is the structure–prop-
erty–performance relation versus the suitable electrolytes. Here 
we focus on doped nanocarbon electrode materials for super-
capacitors, and provide the insights and updates related to the 
following knowledge gaps which have not received the coverage 
they merit in the currently available reviews:

• Charge storage performance of pristine nanocarbons and dis-
cussion on their limitations in applications as compared with 
pseudocapacitive materials.

• Effect of doping on the nanocarbons leading to distinctive ef-
fects compared to the existing pseudocapacitive nanomaterials.

• Influence of single- and multi- element dopants and the spe-
cific bonding configurations on the physicochemical prop-
erties of the electrode materials and its correlation with the 
overall supercapacitor performance.

• Mechanisms of the interaction of electrolytes with the surface 
functional groups on nanocarbons of different structure, to-
pology and dopant content.

• Relationships between the electrode–electrolyte interactions 
and the operating voltage window (and hence the energy den-
sity) along with the device performance characterized by the 
stability, rate performance, self-discharge rates, etc.

A unique feature of this review are tabulated summaries of 
the energy storage properties of doped nanocarbons. Table  1 
presents the changes in the fundamental physicochemical prop-
erties of nanocarbons caused by heteroatom doping, whereas 
Table 2 summarizes the parameters of supercapacitor electrodes 
made of doped nanocarbons under various operation conditions 
such as electrolytes and mass loading. Furthermore, the chal-
lenges and future directions for the doped nanocarbons as viable 
supercapacitor electrode materials are highlighted. Importantly, 
this review aims to fill the gap in standardization of evaluation 
of performance of supercapacitors utilizing nanocarbon-based 
electrodes by providing the guiding principles which we believe 
should be followed to consistently report research on superca-
pacitor performance based on heteroatom-doped electrodes. 
This effort may potentially lead to standardization of nanocarbon 
doping well beyond the existing energy storage applications. 
Finally, we hope that the present review will serve as a one-stop 
reference on heteroatom doping of carbon nanomaterials for 
next-generation clean energy applications and will be of interest 
to the broad advanced energy materials research community.
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3. Features of Doped Nanocarbons

Generally, the specific capacitance of carbon nanostructure 
is limited within the volumetric capacitance of 400 F cm−3[47] 
and gravimetric capacitance of 10–200 F g−1 (up to 400 F g−1  

in few cases) as shown in Figure  1.[13] Though there are 
predictions on achieving an EDL capacitance of graphene of 
550 F g−1 by utilizing its full surface area (the theoretical sur-
face area is 2630 m2 g−1), it is challenging in practice to prepare 
a monolayer graphene by chemical or thermal reduction from 

Figure 1. Comparison of the gravimetric capacitance of supercapacitor electrode materials. The data for gravimetric capacitance of supercapacitor 
materials with some selected nanostructures are taken from the corresponding articles: pristine carbon,[13] MnO2-based materials,[22] Fe-based mate-
rials,[18,23] RuO2-based structure,[15] VN structure,[24] 2D materials,[16,21] and conducting polymers.[13] Specific capacitance of doped nanocarbon is taken 
from the references cited in this article and also presented are the electrode performances in details in Table 1 (AC: activated carbon; MWCNT: multi-
walled carbon nanotube; CDC: carbide derived carbons; rGO: reduced graphene oxide; HPC: hierarchical porous carbon; BP: black phosphorene; RP: 
red phosphorene; PANI: polyaniline; PPy: polypyrrole; PTh: polythiophene; PMT: poly(3-methylthiophene); PEDOT: poly(3,4-ethylenedioxythiophene); 
PEPT: poly(4-flourophenyl-3-thiophene)), VN: vanadium nitride.

Figure 2. Effects of heteroatom doping on supercapacitor charge–discharge profile and frequency response. A) Galvanostatic discharge curve and 
B) phase angle plot of a) pristine; b) N-doped; c) B-doped; d) P/N-doped; e) B/N-doped; and f) Si-doped carbon nanostructures. Reproduced with 
permission.[42] Copyright 2017, Elsevier.
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graphene oxide (GO).[48,49] The major reasons behind the lim-
ited energy density of carbon-based supercapacitors are

1. Purely physical charge-storage mechanisms dominate with-
out any Faradaic processes involved. Only around 0.17–0.2 
delocalized electrons from conduction band per atom are 
stored in EDLC in an aqueous electrolyte whereas this number 
is 2.5 per atom for electroactive surfaces of pseudocapacitive 
materials depending on the oxidation states; ≈1–3 localized 
electrons per atom can be stored by redox reactions in bulk-
phase electrode materials used in conventional batteries.[50,51]

2. Although EDL capacitance is proportional to the electrode 
surface area (Cdl  = εA/d), the excessive increase of surface 
area (A) has been observed to result in reduced mesoporo-
sity, lowered carrier density, higher pore volume and hence 
decreased charge storage capacity. The micropores are gen-
erally not fully wetted in aqueous electrolytes. In addition, 
the specific capacitance becomes saturated according to the 
surface area above 1200 m2 g−1 calculated using density-func-
tional theory (DFT) (corresponding Brunauer–Emmett–Teller 
(BET) surface area is estimated to be 1500 m2 g−1).[52] Intro-
ducing porosity beyond certain level results in a lower specif-
ic capacitance of nanocarbons. Moreover, the higher surface 
area is not favorable for high-power operation since it reduces 
the volumetric capacitance of supercapacitor electrodes.[53]

3. The limited density of states at the Fermi level (DOS(EF)) 
and lack of space to accommodate the charge inside the 
pores in spite of having a higher surface area of carbon nano-
structures. The former is related to quantum capacitance 
(CQ  = e2 DOS(EF), where e is the electric charge and EF is 
the Fermi energy), whereas the spatial confinement limits  
the space-charge capacitance ( 2 /SC

2
FC ne Eε= , where ε is the 

dielectric permittivity). The space-charge capacitance arises 
due to the screening of electrolyte charge in the inner layers by 
outer layers since carrier density (n per volume) of each layer 
follows an exponential dependence on the screening length 
(λ) exp( / )λ≈ −x . As a result, nanocarbons exhibit lower total 
capacitance because 1/Ctotal = 1/CQ + 1/CSC + 1/Cdl.[52,54–57]

4. The series capacitance is introduced by the dielectric dead 
layer which is a layer of a very low dielectric constant between 
the electrode surface charge and the electrolyte solution. The 
existence of the dielectric dead layer is caused by the adsorp-
tion of a thin layer of hydrocarbon impurities (5–8.5 Å) on the 
carbon surface.[58,59]

5. Low packing density of carbon nanostructures resulting in 
low volumetric energy density and chemical inertness and 
hydrophobicity of nanocarbons in aqueous electrolytes re-
sulting in poor interaction with the electrolyte.

An effective strategy adopted to overcome the 
above-mentioned problem is synthesizing the hybrid carbon-
pseudocapacitive composite material, where the advantageous 
features of both carbon and pseudocapacitive materials are 
combined.[60–64] Specifically, the heteroatom-doped carbon nano-
structures are cost-effective and can outperform the pseudoca-
pacitive materials and/or their composites with carbon.[65–67]  
For example, N-rich carbon nanorods prepared by pyrolysis of 
polyaniline (PANI) nanorod arrays and ammonium sulfate have 
exhibited specific capacitance of 776 F g−1 at 1 A g−1 with 94.4% 

retention at 40 A g−1 after 5000 charge–discharge cycles versus 
reference electrode whereas PANI nanorod arrays showed the 
capacitance of 408.36 F g−1 at 1 A g−1 with 49.19% retention after 
500 cycles.[68] In addition, heteroatom doped nanocarbons have 
several key features over pseudocapacitive materials while they 
are utilized as a supercapacitor electrode as follows:

1. Incorporating heteroatom dopants into the carbon surface has 
been shown to significantly improve/enhance several properties 
of nanocarbons such as the chemically active sites, wettability, 
porosity, charge distribution, charge density, spin density, in-
terlayer spacing, electrical conductivity, and contributions of 
the quantum, space-charge, and pseudocapacitance leading to 
significant enhancement of the supercapacitive properties of 
the carbon structures.[41,69,70] Noteworthy, surface areas of na-
nocarbons that are higher than the theoretical surface area of 
graphene can be obtained after appropriate doping.[71–73]

2. On the other hand, integration of carbon nanostructures with 
pseudocapacitive materials improves the electrical conductiv-
ity, surface area, mechanical/electrochemical stability, and 
other physicochemical properties of the pseudocapacitive 
materials.[74,75]

3. Heteroatoms do not add any significant mass to the carbon 
structures, whereas pseudocapacitive materials introduce 
additional mass into the composite leading to lower specific 
capacitance in comparison to the pristine pseudocapacitive 
materials.[76]

4. The possibility of the widened potential window up to 1.7 V 
in aqueous electrolyte,[77] 2.4 V in the “water-in-salt” (super-
concentrated lithium bis(trifluoromethane sulfonyl)imide 
(LiTFSI) aqueous solution) electrolyte,[78] and designing a 
2.6 V aqueous symmetric supercapacitor[79] with doped nano-
carbons has been reported. Achieving up to 2.6 V potential 
window is even rare for the aqueous supercapacitors based 
on pseudocapacitive materials in the symmetric configura-
tion. Increasing the potential window is essential to increase 
capacitance and hence achieve higher energy densities.[80,81]

5. Doped nanocarbons showed an ultrafast frequency response 
with the smallest relaxation time constant.[42] The pseudo-
capacitive electrodes show a higher radius of semicircle in 
the Nyquist plot indicating higher charge transfer resistance 
compared to the doped nanocarbons.

6. Heteroatom dopants on the carbon surface serve as an ef-
fective bridging element for hetero-nanostructures growth 
and help achieve higher electrolyte ion adsorption than in 
the pure carbon,[82–86] as an enhancer to improve superca-
pacitor performance of active electrode[87] or current col-
lector.[88] Eventually, heteroatom doped carbon structures 
can be used as a current-collector free electrode whereas a 
metal current collector is essential for metal oxide or con-
ducting polymers electrode, which increases the total mass 
of electrode.[88]

7. Doped-carbon nanostructures represent usually a less expen-
sive option than the pseudocapacitive materials.

With these key features in mind, the heteroatom dopants 
that improve the physicochemical properties of carbon-based 
materials intrinsically and hence the overall supercapacitor per-
formance are summarized in Figure 3.

Adv. Energy Mater. 2020, 10, 2001239
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4. Single-Element Doping

In this section, the influence of single element doping on the 
supercapacitive properties of nanocarbons is examined. We will 
start from a few key considerations summarized below.

• The presence of oxygen functional groups on carbon sur-
faces is inevitable due to moisture absorption or synthesis 
procedure which is not considered as oxygen-functionaliza-
tion. Here, the effect of single element doping on pristine or 
doped nanocarbons is discussed where the pristine or doped 
nanocarbons are considered as a single entity and only one 
foreign functional element is controlled by tuning the pro-
cess parameters. Reduced graphene oxide (rGO) is an exam-
ple of an energy material where nitrogen doping has been 
carried out in a controlled manner and their supercapacitive 
properties are discussed although rGO itself intrinsically 
contains oxygen.[89] For the codoping, more than two foreign 
atoms are controlled simultaneously during the synthesis as 
discussed in Section 5.

• Importantly, we mentioned the technique to evaluate the 
supercapacitor performance of electrode for each study as 3E 

in case of 3-electrode with respect to the associated reference 
electrode and 2E in case of 2-electrode system, since the 3-elec-
trode set up is commonly used to evaluate the performance 
of active materials where the results from 2E test reflects its 
practicality in real-world applications.[90] We have nonetheless 
included parameters from 3E-tests because they are reported 
in the cited references, in part to show the changes in the elec-
trochemical performance of nanocarbons after doping.

• The quantification of parameters such as rate performance 
and cycle-life is performed using published data in the rel-
evant figures of the cited references if not presented explicitly 
in the respective references.

• Since the graphene and GO or rGO are different in definition 
and physical properties,[91] wherever applicable we use the 
term “rGO” even if the cited references name it graphene.

• Decorating nanocarbons by metal particles like Ag, Cu, etc., 
although is sometimes termed as “doping” in literature,[92] are 
not considered as doping since the definition of doping in the 
matrix is conventionally used for the case where a heteroatom 
replaces an atom in the matrix, or addition of a heteroatom takes 
place in the lattice with charge contribution. Although these 
metal nanoparticles could be considered as “heteroatoms” for 

Figure 3. Focus and scope of the review. Schematic of carbon doping and its influences on the physicochemical properties for energy storage 
applications.
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the carbon matrix, we believe the most appropriate term in this 
case is “decoration with metal nanoparticles.”[93–96]

The doped and functionalized carbon nanostructures are 
extensively synthesized by various techniques which is outside 
the scope of the present review. The adsorption energy of boron 
(−1.268  eV), Si (−1.244  eV), and nitrogen (−2.372  eV) on the 
pristine graphene ensures the stable adsorption of adatoms on 
graphene.[97] It is noteworthy that there are different preferable 
sites for the adsorption on the graphene matrix depending on 
the dopant type. For example, bridge sites are most favorable for 
N-adsorption whereas top sites are better for other adatoms.[97] 
The dopant concentration, doping configuration, geometry of 
the grown structure, and their physical properties can be con-
trolled by the process parameters to tune their supercapacitor 
performances. A broader account of the synthesis of doped 
nanocarbons can be found elsewhere.[45,73,98–101] In general, the 
heteroatom functionalization and doping are carried out using 
the following two strategies (Figure 4).

a) Heteroatom-introducing strategy where heteroatoms are 
introduced into carbon matrix by post-treatment of the 
already formed carbon structures, including chemical activa-
tion, heat treatment under relevant atmosphere, microwave 
irradiation, plasma functionalization, etc.

b) Heteroatom self-doping strategy where both carbon and 
heteroatom precursors or the precursors containing both car-
bon and heteroatom elements are subjected to the synthesis 
process.

Importantly, the use of natural precursors to synthesize 
doped nanocarbons finds significant attention since they may 
contain multidopants while the process are inexpensive, envi-
ronment-friendly, and industrially feasible.[102–106]

4.1. Boron Doping

Boron has been explored as a promising substituent foreign atom, 
which can introduce a hole in the carbon framework and act as 
an electron acceptor. The three valence electrons of Boron cause 
the Fermi level shift toward the valence band and result in higher 
charge carrier concentration and density of states at the Fermi 
level, collectively enhancing the supercapacitive properties.[107]

4.1.1. Role of B-Configurations and B-Content

The B-doping is relatively simple and easy since the electroneg-
ativity of boron is 2.04 which is lower than that of carbon (2.55) 
and hence the binding energy of BC bonds is lower compared 
to CC bonds. While boron is doped into the carbon matrix, 
the π electrons are redistributed which softens the CC bonds 
and strengthens the CO bonds upon oxygen adsorption.[107] 
The possible bonding configurations of boron with carbon 
are BC3, BC2O, and BCO2. The corresponding schematic and 
relevant X-ray photoelectron (XP) spectra of B-doped rGO are 
presented in Figure 5A–C.[108] The role of each configuration in 
the physicochemical properties and hence the electrochemical 
capacitor properties are discussed here. BC3 and BC2O enhance 
electrical conductivity of the electrode and redox properties, 
while interfacial redox reactions on carbon surface are induced 
by BC2O and B2O3.[109,110] The reactive B–O groups make the 
surface hydrophilic and lead to the higher electrochemically 
active surface area, although the measured BET surface area 
is found to be lower in B-doped carbon structures than in its 
pristine counterpart.[111] Although B-doped mesoporous rGO 
(B-rGO) exhibits higher gravimetric capacitance of 336.4 F g−1 
at 0.1 A g−1 in 6 m KOH versus a saturated calomel electrode 
(SCE), the rate performance is poor with respect to the rGO 
and calcined B-rGO under the same test conditions (Table  1). 
We can thus argues that the observed higher rate performance 
of calcined B-rGO than of the rGO and B-rGO can be attributed 
to the higher surface area and lower pseudocapacitive contribu-
tion, which is consistent with literature.[110]

The rich physical properties of B-doped nanocarbons help 
improve their supercapacitive properties. For instance, three-
fold enhancement in the gravimetric capacitance (448 F g−1 at 
100 mV s−1 in 6 m KOH, 3E) and 108% retention after 3000 scans 
at 50 mV s−1 of thermally annealed GO after 6.04 ±  1.44 at%  
boron incorporation is related to the enhanced electrical con-
ductivity and defect-like pore formation in the carbon frame-
work.[114] Whereas, an almost equal amount of gravimetric 
capacitance (446.24 F g−1 at 0.5 A g−1 in 6 m KOH, 3E) with 
53% rate capability at 20 A g−1 and 87% retention after 1000 
charge–discharge cycles for B-doped rGO is obtained with 
only 1.4 at% B-content.[115] Interestingly, the mixture of GO 
and boric acid was treated by dielectric barrier discharge 
plasma, which results in boron atoms incorporation in sp3-C 
defect sites and subsequent restoration of sp2-C hybridized 

Figure 4. Common approaches for synthesizing heteroatom doped nanocarbons.
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Table 1. Physicochemical properties of heteroatom doped nanocarbons compared to pristine counterparts (supercapacitor parameters are from 3E 
test device configuration with respect to the associated reference electrode unless mentioned otherwise).

Ref. Nanocarbons BET surface area  
[m2 g−1], pore volume 
[cm3 g−1], avg. pore 

diameter [nm]

Contact 
angle [°]

Intensity ratio 
of Raman 

bands D–G 
(ID/IG)

Atomic percentage  
of from XPS

Interlayer 
spacing from 

XRD [nm]

Electrical 
conductivity 

or sheet 
resistance

Gravimetric/volumetric/areal 
capacitance, rate performance 

and cycle stability, charge-transfer 
resistance, electrolyte

[110] Mesoporous 
rGO (MrGO)

864, 0.932 – 1.06 – 0.35 – 148.9 F g−1 at 0.1 A g−1, 53.1% at 5 A g−1, 
0.17 Ω, 6 m KOH

B-MrGO 997, 1.158 – 1.14 C/O/B: 70.6/16.4/12.9 0.361 – 336.4 F g−1 at 0.1 A g−1, 31.5% at 5 A g−1 
93% after 5k cycles in, 0.11 Ω, 6 m KOH

Calcined 
B-MrGO

1102, 1.175 – 1.27 C/O/B: 73.3/15.1/11.5 0.362 – 169.3 F g−1 at 0.1 A g−1, 64.5% at 5 A g−1, 
98% after 5k cycles, 0.08 Ω, 6 m KOH

[163] Pristine-MWCNT – 113.84
Water

1.22 – – – 61.46 F g−1 at 100 mV s−1, 4.99 Ω, 1 m 
Na2SO4

Microwave 
treated MWCNT

– 36.48
Water

1.26 – – – 214.45 F g−1 at 100 mV s−1, 4.87 Ω, 
1 m Na2SO4

O2-Plasma 
treated MWCNT

– 19.87
Water

1.42 – – – 238.23 F g−1 at 100 mV s−1, 4.18 Ω, 99.13% 
after 50 cycles, 1 m Na2SO4

[164] Biochar 440, 0.455, 4.8 – 0.95 C/O: 77.61/9.86 – – 60.4 F g−1 at 20 mV s−1, 8.2 Ω, 6 m KOH

O2-plasma acti-
vated Biochar

654, 0.936, 4.9 – >1.8 C/O: 79.25/15.69 – – 171.4 F g−1 at 20 mV s−1, 3.3 Ω, 6 m KOH

NaOH- activated 
biochar

1144, 0.550, 2.3 – 0.82 C/O: 84.85/12.86 – – 99.5 F g−1 at 20 mV s−1, 14.5 Ω, 6 m KOH

[165] rGO-RT 213.7 – 1.07 O1s/C1s ratio: 24.34 0.363 3.6 S cm−2 187.9a) F g−1 (0.88 mF cm−2)a) at 50 mV 
s−1, 1 m H2SO4

rGO-200 °C 264.4 – 1.095 O1s/C1s ratio: 19.07 0.361 6.32 S cm−2 225 F g−1 (1.19 mF cm−2) at 50 mV s−1, 1 
m H2SO4

rGO-1000 °C 432.8 – 1.2 O1s/C1s ratio: 4.34 0.338 20.93 S cm−2 81.8a) F g−1 (0.4 mF cm−2)a) at 50 mV s−1, 
1 m H2SO4

[166] rGO-800 °C 335 ≈50
Water

1.66 C/O/P: 95.69/4.31/0 0.3351 – 57 F g−1 at 1 A g−1, 75.5% at 30 A g−1, 
42.5% after 20k cycles, 6 m KOH (2E)

P-doped 
rGO-800 °C

327 14.3
Water

1.68 C/O/P: 93.16/4.9/1.93 0.359 – 72 F g−1 at 1 A g−1, 80.4% at 30 A g−1, 
62.2% after 20k cycles, 6 m KOH (2E)

passivated 
P-doped 

RGO-800 °C

420 – 1.52 C/O/P: 90.2/6.95/2.85 0.3738 – 108 F g−1 at 1 A g−1, 89.2% at 30 A g−1, 
70.4% after 20k cycles, 6 m KOH (2E)

[167] CNF 404.12, 0.18 – – – – 0.24 S cm−1 56.96 F g−1 at 1 mA cm−2, 48%a) at 20 mA 
cm−2, 2.9 Ω, 6 m KOH

Si-CNF 420.33, 0.28 – – – – 0.35 S cm−1 88.99 F g−1 at 1 mA cm−2, 77%a) at 
20 mA cm−2, 81% at 1 mA cm−2 after 

100 cycles, 1.56 Ω, 6 m KOH

Si-CNF/
graphene

437.64, 0.26 – – C/Si/O: 88.97/4.97/6.96 – 0.40 S cm−1 144.79 F g−1 at 1 mA cm−2, 78.6%a) at 
20 mA cm−2, 46% at 1 mA cm−2 after 

100 cycles, 0.61 Ω, 6 m KOH

[71] Nanoporous 
carbon (NC)

455 88.9 in
TEABF4

– C/O/F 82.9/17.1/0 – – –

F-rich NC1 1400 – – C/O/F: 84.7/7.5/7.8 – – 56 F g−1 at 0.5 A g−1, 58%a) at 10 A g−1, 
66.7%a) after 10k cycles, ≈6.81 Ωa), 

TEABF4/PC (2E)

F-rich NC4 3231 55.1 in
TEABF4

– C/O/F: 73.3/8.7/17.5 – – 168 F g−1 at 0.5 A g−1, 91% at 10 A g−1, 
91.5%a) after 10k cycles, ≈2.59 Ωa), 

TEABF4/PC (2E)

[168] OMC with few-
layered graphene 

(OMG)

1991, 1.27, 3.59 124 (water); 
131 (1 m 

H2SO4); 103 
(6 m KOH)

1.4 C/O/Cl: 88.45/9.85/0.7 – 7.9 179 F g−1 at 0.5 A g−1, 81.2%a) at 10 A g−1 
(3E), 108% after 10k cycles, 0.88 Ω (2E), 

1 m H2SO4
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Ref. Nanocarbons BET surface area  
[m2 g−1], pore volume 
[cm3 g−1], avg. pore 

diameter [nm]

Contact 
angle [°]

Intensity ratio 
of Raman 

bands D–G 
(ID/IG)

Atomic percentage  
of from XPS

Interlayer 
spacing from 

XRD [nm]

Electrical 
conductivity 

or sheet 
resistance

Gravimetric/volumetric/areal 
capacitance, rate performance 

and cycle stability, charge-transfer 
resistance, electrolyte

183a) F g−1 at 0.5 A g−1, 107%a) at 
10 A g−1 (3E), 103% after 10k cycles (2E), 

6 m KOH

Cl-doped OMG 1882, 1.24, 3.62 123 (water); 
133 (1 m 

H2SO4); 129 
(6 m KOH)

1.17 C/O/Cl: 88.6/9.4/1.91 – 7.7 250 F g−1 at 0.5 A g−1, 99.6%a) at 10 A g−1 
(3E), 109% after 10k cycles, 0.44 Ω (2E), 

1 m H2SO4

220 F g−1 at 0.5 A g−1, 101.8% at 10 A g−1 
(3E), 116% after 10k cycles (2E), 6 m KOH

[116] 3D-CNF 338, 1.432, 20.8 – – – – – 88 F g−1 (26 µF cm−2) at 0.5 A g−1, 48.86% 
at 5 A g−1, 91.5% after 10k cycles, 0.91 Ω, 

2 m KOH

3D-N-CNF 79.6, 0.349, 18.5 26.9
in water

1.08 C/O/N/B: 84.04/6.14/9.82/0 – – 126 F g−1 (83.9 µF cm−2) at 0.5 A g−1, 
37.9% at 5 A g−1, 91.1% after 10k cycles, 

0.9 Ω, 2 m KOH

3D-BN-CNF 351.5, 1.789, 20.3 0
in water

0.95 C/O/N/B: 
80.6/6.86/11.24/1.3

– – 295 F g−1 (158.2 µF cm−2) at 0.5 F g−1, 
49.8% at 5 A g−1, 94.5% after 10k cycles, 

0.39 Ω, 2 m KOH

[73] Precarbonized 
carbon

<10, 0.012 – – C/O/N/S: 
76.88/9.37/13.30/0.45

– – 60 F g−1 (196 mAh g−1, 70 F cm−3, 
1 mF cm−2) at 0.5 A g−1, 5.4%a) at 

100 A g−1, 3.2 Ω, 2 m KOH

N,O-AC-500 °C 505, 0.37 – 2.41 C/O/N: 79.51/ 14.23/6.26 0.349 – 743 F g−1 (144 mAh g−1, 639 F cm−3, 
147.1 µF cm−2) at 0.5 A g−1, 5.2% at 

50 A g−1, 1.75 Ω, 2 m KOH

N,O-AC-600 °C 3289, 1.565 – 3.68 C/O/N: 89.11/
3.54/7.35

0.351 – 524 F g−1 (84 mAh g−1, 351 F cm−3, 
15.9 µF cm−2) at 0.5 A g−1, 55%a) at 100 A 

g−1, 1.23 Ω, 2 m KOH

N,O-AC-800 °C 2866, 1.257 – 4.62 C/O/N: 93.35/ 6.00/0.65 0.358 – 304 F g−1 (17 mAh g−1, 222 F cm−3, 
10.6 µF cm−2) at 0.5 A g−1, 64%a) at 

100 A g−1, 0.72 Ω, 2 m KOH

[169] Si/P codoped 
carbon-1 

(SiPDC-1)

530.36, 0.27, 3.021 – 1.5 C/O/Si/P: 
76.5/17.72/3.64/2.14

– – 201 F g−1 (0.38 F m−2) at 5 mV s−1, 60%a) 
at 100 mV s−1, 1 m H2SO4

198 F g−1 (0.37 F m−2) at 5 mV s−1, 66% at 
100 mV s−1, 6 m KOH

SiPDC-2 641.51, 0.33, 4.188 – 1.28 C/O/Si/P: 
58.84/28.14/8.8/4.2

– – 276 F g−1 (0.43 F m−2) at 5 mV s−1, 79%a) 
at 100 mV s−1, 91% after 2k cycles, 1 m 

H2SO4

244 (0.38 F m−2) at 5 mV s−1, 81% at 
100 mV s−1, 94% after 2k cycles, 6 m KOH

SiPDC-3 478.52, 0.24, 3.055 – 1.57 C/O/Si/P: 
64.3/25.37/8.01/2.24

– – 147 F g−1 (0.31 F m−2) at 5 mV s−1, 62%a) 
at 100 mV s−1, 1 m H2SO4

146 (0.31 F m−2) at 5 mV s−1, 42% at 
100 mV s−1, 6 m KOH

[72] ONS-C-600 °C 1395, 0.75 34 0.97 O/N/S:15.93/ 5.12/5.44 – – 259 F g−1a) at 1 A g−1, 60.6%a) at 20 A g−1 
in KOH

ONS-C-700 °C 2917, 2.40 48 0.92 O/N/S: 9.94/ 1.60/3.31 – – 409 F g−1 at 1 A g−1, 66.5%a) at 20 A g−1, 
90.4% after 20k cycles in KOH

ONS-C-800 °C 2377, 1.65 53 0.89 O/N/S: 9.21/ 0.64/1.04 – – 362 F g−1a) at 1 A g−1, 62.6% at 20 A g−1

ONS-C-900 °C 2042, 1.49 56 0.85 O/N/S: 6.53/
0.61/2.71

– – 315 F g−1a) at 1 A g−1, 60.6%a) at 20 A g−1

Table 1. Continued.
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Table 1. Continued.

Ref. Nanocarbons BET surface area  
[m2 g−1], pore volume 
[cm3 g−1], avg. pore 

diameter [nm]

Contact 
angle [°]

Intensity ratio 
of Raman 

bands D–G 
(ID/IG)

Atomic percentage  
of from XPS

Interlayer 
spacing from 

XRD [nm]

Electrical 
conductivity 

or sheet 
resistance

Gravimetric/volumetric/areal 
capacitance, rate performance 

and cycle stability, charge-transfer 
resistance, electrolyte

[80] GO nanoribbons 
(GNR)

110, 0.32, 5.6 – 0.9 C/O: 72.8/27.2 – – 91 F g−1 at 0.5 A g−1, 3.2 Ω, 1 m Na2SO4

N-doped GNR 245, 0.91, 8.5 – 1.0 C/O/N/S: 87/6.1/6.9/0 – – 289 F g−1 (214 F cm−3) at 0.5 A g−1, 37% at 
20 A g−1, 2.1 Ω, 1 m Na2SO4

S-doped GNR 197, 0.85, 7.3 – 1.05 C/O/N/S: 92.5/6.0/0/1.5 – – 227 F g−1 (161 F cm−3) at 0.5 A g−1, 23% at 
20 A g−1, 1.8 Ω, 1 m Na2SO4

NS-doped GNR 312, 1.07, 8.9 – 1.1 C/O/N/S: 83.3/5.7/7.2/3.8 – – 442 F g−1 (283 F cm−3) at 0.5 A g−1, 
57.5% at 20 A g−1, 98.6% after 10k cycles, 

0.9 Ω, 1 m Na2SO4

[102] P/N-doped 
carbon-1

362.82, 0.2, 3.605 – 1.44 C/O/N/P: 
87.46/9.31/1.16/2.06

– – 117 F g−1 (0.32 F m−2) at 5 mV s−1, 24% at 
100 mV s−1, 1 m H2SO4

270 F g−1 (0.42 F m−2) at 5 mV s−1, 38% at 
100 mV s−1, 6 m KOH

P/N-doped 
carbon-2

648.54, 0.4, 3.464 – 1.39 C/O/N/P: 
86.09/10.74/1.13/2.04

– – 184 F g−1 (0.25 F m−2) at 5 mV s−1, 58% 
at 100 mV s−1, 98% after 2k cycles, 

1 m H2SO4

209 F g−1 (0.32 F m−2) at 5 mV s−1, 55% at 
100 mV s−1, 98% after 2k cycles, 6 m KOH

P/N-doped 
carbon-3

999.67, 0.57, 3.161 – 1.55 C/O/N/P: 
85.51/10.82/1.47/2.20

– – 286 F g−1 (0.29 F m−2) at 5 mV s−1, 21% at 
100 mV s−1, 1 m H2SO4

118 F g−1 (0.12 F m−2) at 5 mV s−1, 
47% at 100 mV s−1, 6 m KOH

[170] N/P-CNF 7.78 – C/N/O/P: 
77.94/7.55/10.94/3.58

0.349 – 212 F g−1 at 0.5 A g−1, 73%a) at 30 A g−1, 
1 m H2SO4

N/P/Si-CNF-5 10.94 – C/N/O/Si/P: 
77.21/7.93/11.05/0.6/3.21

0.356 – 243.7 F g−1 (253.4 F cm−3) at 0.5 A g−1, 
83% at 30 A g−1, 110% after 8k cycles, 

1 m H2SO4

N/P/Si-CNF-15 8.49 – C/N/O/Si/P: 
72.95/6.85/15.77/1.99/2.44

0.363 – 224.9 F g−1 at 0.5 A g−1, 76%a) at 
30 A g−1, 1 m H2SO4

[171] Carbon cloth – 129 0.742 – – 0.813 Ω sq.−1 –

N-doped porous 
carbon

– 55 0.952 C/O/N: 93.18/4.48/2.34/ – 0.58 Ω sq.−1 258.4 F g−1 at 1 A g−1, 79.6% at 
20 A g−1, 1 m H2SO4

263.4 F g−1 at 1 A g−1, 74.8%a) at 
20 A g−1, 6 m KOH

N,S-doped 
porous carbon

– 111 0.969 C/O/N/F/S: 
91.51/6.34/1.32/0/0.82

– 0.534 Ω sq.−1 246.5 F g−1 at 1 A g−1, 82.8% at 
20 A g−1, 1 m H2SO4

213.3 F g−1 at 1 A g−1, 84.5%a) at 20 A g−1, 
6 m KOH

N,F-doped 
porous carbon

– 72 1.032 C/O/N/S/B: 
92.93/4.72/0.26/1.42/0.68

– 0.447 Ω sq.−1 311.5 F g−1 at 1 A g−1, 87.8% at 
20 A g−1, 1 m H2SO4

309.3 F g−1 at 1 A g−1, 81.3%a) at 
20 A g−1, 6 m KOH

N,S,B-doped 
porous carbon

– 42 0.961 C/O/N/F: 
90.1/6.72/2.83/0.35

– 1.275 Ω sq.−1 281.6 F g−1 at 1 A g−1, 82.1% at 
20 A g−1, 1 m H2SO4

273.7 F g−1 at 1 A g−1, 73.5%a) at 
20 A g−1, 6 m KOH

N,F,B-doped 
porous carbon

– 24 0.945 C/O/N/F/B: 
88.67/6.50/4.00/0.30/0.53

– 0.783 Ω sq.−1 350.3 F g−1 at 1 A g−1, 83.2% at 
20 A g−1 in 1 m H2SO4, 100% after 10k cycles

356.3 F g−1 at 1 A g−1, 81.2%a) at 
20 A g−1, in 6 m KOH

Adv. Energy Mater. 2020, 10, 2001239



www.advenergymat.dewww.advancedsciencenews.com

2001239 (10 of 44) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

network.[115] The latter process is called “self-healing” phe-
nomenon which improves the structural properties of doped 
nanocarbons and hence the electrochemical features. The 
utilization of B-doped rGO in micro-supercapacitor applica-
tions and its corresponding electrochemical behavior is pre-
sented in Figure  5D–F. It can be seen that the areal capaci-
tance of B-doped rGO microsupercapacitors starts to decrease 
after a certain level of B-precursor loading during the growth 
process.[113]

4.1.2. Inevitable O-Functionalities

Along with the structure and morphology of B-doped nanocar-
bons,[114,115] Oxygen content or C/O ratio is also different which 
may also affect the capacitive properties. Moreover, the O-con-
tent is often observed to increase in the final carbon structure 
upon an increase in B-concentration,[107,109,110,116] whereas it is 
also found to decrease with B-content in some reports.[113,114] 
However, the improved interfacial capacitance, including the 

Ref. Nanocarbons BET surface area  
[m2 g−1], pore volume 
[cm3 g−1], avg. pore 

diameter [nm]

Contact 
angle [°]

Intensity ratio 
of Raman 

bands D–G 
(ID/IG)

Atomic percentage  
of from XPS

Interlayer 
spacing from 

XRD [nm]

Electrical 
conductivity 

or sheet 
resistance

Gravimetric/volumetric/areal 
capacitance, rate performance 

and cycle stability, charge-transfer 
resistance, electrolyte

[172] N,P,Si doped 
carbon-1

471.04, 0.25, 2.792 – – C/O/N/P/Si: 
56.78/28.73/2.15/2.34/10.00

– 0.027 S cm−1 
with binder

144 F g−1 (0.31 F m−2) at 5 mV s−1, 
75% at 100 mV s−1 in 1 m H2SO4

318 F g−1 (0.67 F m−2) at 5 mV s−1, 
68% at 100 mV s−1 in 6 m KOH

N,P,Si doped 
carbon-2

228.4, 0.15, 3.424 – 1.21 C/O/N/P/Si: 
30.54/46.55/1.92/3.65/17.34

– 0.003 S cm−1 
with binder

169 F g−1 (0.74 F m−2) at 5 mV s−1, 
63% at 100 mV s−1, 1 m H2SO4

213 F g−1 (0.93 F m−2) at 5 mV s−1, 
70% at 100 mV s−1, 6 m KOH

N,P,Si doped 
carbon-3

231.28, 0.17, 3.875 – – C/O/N/P/Si: 
27.14/54.17/0.56/0.88/17.25

– 0.000 S cm−1 
with binder

66 F g−1 (0.28 F m−2) at 5 mV s−1, 
88% at 100 mV s−1, 1 m H2SO4

24 F g−1 (0.10 F m−2) at 5 mV s−1, 
56% at 100 mV s−1, 6 m KOH

a)Extracted and/or calculated data from the corresponding figure of cited reference.

Table 1. Continued.

Figure 5. Structural modifications and supercapacitor performance induced by B doping. A) Schematic of possible B configuration in graphene matrix; 
B) B1s and C) C1s spectra of B-doped rGO. Reproduced with permission.[112] Copyright 2019, Elsevier. Supercapacitor performance of D–F) B-doped 
laser-induced rGO micro-supercapacitors with the schematic of the device. Reproduced with permission.[113] Copyright 2015, American Chemical Society.
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pseudocapacitance and EDL capacitance, of B-doped ordered 
mesoporous carbon in both acidic and alkaline electrolyte is 
achieved by the O-functionalities induced pseudocapacitance 
and the improved EDL capacitance due to the B-substitution.[107] 
These data suggest that the improved capacitive performance 
of B-doped nanocarbons is due to the combination of B-doping 
related physicochemical features and unavoidable O-function-
ality related changes in the structure.

4.1.3. Wettability and Effect of Electrolyte

The wettability depends on the nature of electrolyte used and 
functional groups attached on the surface of the electrode, 
which can be used to improve the electrode–electrolyte inter-
action and ionic accessibility to the electrode. It has been 
reported that the wetting angle in 2 m KOH electrolyte drops 
from 26.9 to zero after B-doping onto N-doped porous carbon 
nanofiber network.[116] Surface-bonded B-atoms are favorable 
to attract the anions in electrolyte due to the electron defi-
ciency.[117] Hence, B-doped mesoporous carbon is reported to 
have a higher gravimetric and interfacial capacitance in 6 m 
KOH in 3E configurations.[107] On the contrary, N-doping in 
the B/N codoped porous carbon nanowire arrays only results 
in the pseudocapacitive contribution in 6 m KOH electro-
lyte.[118] Apart from KOH and H2SO4, B-doped rGO and porous 
B-doped diamond based symmetric supercapacitor device 

demonstrated its ability to work with the voltage of 2.4  V in 
1 m NaClO4 aqueous electrolyte[112] and 2.6  V in Na2SO4,[79] 
respectively. However, impact of B-doping on capacitive prop-
erties is prominent in H2SO4 compared to neutral Na2SO4.[119] 
Since the potential window of sp2-bonded carbons is limited to 
only 1.2 V in aqueous electrolyte,[120] the focus is shifted to the 
conductive B-doped diamond owing to their ability to operate 
in a broader potential window along with notable electrochem-
ical properties.[79,121]

The results examined in this section suggest that in spite of 
remarkable changes in the properties of B-doped nanocarbons, 
the specific capacitance mostly remains within a similar range 
compared to pristine nanocarbons. Therefore, introduction of 
alternative dopants or codoping may be a likely promising solu-
tion, as discussed in the following sections.

4.2. Nitrogen Doping

Nitrogen-doping has been received significant attention to 
enhance the charge-storage performance of nanocarbons. The 
functional groups formed by nitrogen with carbon are elec-
trochemically more stable than a carbon-oxygen functional 
group, can serve as electron donors and are alkaline in nature. 
The N-doping can improve the wettability, structural quality, 
electrical conductivity, electrochemically active sites and also 
provides pseudocapacitance (Figure  6).[122–125] In addition, 

Figure 6. Structural and capacitive features of N-doped nanocarbons. A) Low-angle X-ray diffraction patterns and B) pore size distributions of ordered 
mesoporous few-layer carbon (OMFLC), OMC, and OMFLC-N; C) wetting angles of 0.5 m H2SO4 droplet on OMFLC (85°) and OMFLC-N (S1) 
(21°) substrates. Reproduced with permission.[66] Copyright 2015, American Association for the Advancement of Science. D) capacitive contribution 
from nitrogen-enriched nanocarbons with a 3D continuous mesopore structure. Reproduced with permission.[122] Copyright 2010, American Chemical 
Society. E) Real and imaginary capacitance versus frequency plot with time constant of arc-discharge plasma-fabricated graphene (AG) and N-doped 
AG. Reproduced with permission.[54] Copyright 2019, Wiley-VCH.
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synthesizing N-doped nanocarbons is relatively simple and 
nitrogen is abundant in nature. The higher electronega-
tivity of N (3.04) compared to carbon (2.55) assists in better 
electrolyte ion adsorption. Moreover, N-doping in the lattice 
inhibits the formation of hydrocarbons which are known to 
form a dielectric dead layer which negatively affects the super-
capacitor performance.[58] Furthermore, faster ionic and elec-
tronic transport has been observed for N-doped arc-discharge 
plasma-produced graphene compared to the pristine coun-
terpart.[54] Specifically, the relaxation time constant of the 
N-doped plasma-produced graphene is found to be only a half 
of the pristine graphene.[54]

4.2.1. Effect of Nitrogen Content and Atomic Configurations

An enhancement in the specific capacitance of the elec-
trode is found to have a linear relationship with N-content up 
to 7 wt% in 1 m aqueous H2SO4 electrolyte and diluted tetra-
ethylammonium tetrafluoroborate (TEABF4) in propylenecar-
bonate (PC).[126] Significant efforts have been undertaken to 
increase the N-content by 29.82 at% in graphitic materials by 
fluorination (with XeF2 in Teflon container at 200 °C for 30 h 
in Ar) followed by the annealing treatment,[37] 45% N/C doped 
carbons derived from melamine,[127] 21.86 at% in nitrogen-
rich carbon nanorod arrays by low-temperature pyrolysis 

using PANI nanorod arrays and ammonium sulfate,[68] and 
some other methods. It is important to note that the specific 
capacitance of N-doped nanocarbons is limited to 128.2 F g−1 
with 45% N/C,[127] 390 F g−1 at 5 A g−1 with 29.82 at% N2,[37] 
and 203.8 F g−1 at 0.1 A g−1 with 9.7 at% N2.[128] In fact, the 
gravimetric capacitance and surface area has been found to 
decrease drastically and creates undesirable pore distributions 
with increasing N-content beyond a limit.[127,129] Importantly, 
N-doped mesoporous carbon with 8.2 at% N-content shows the 
highest gravimetric capacitance of 840 F g−1 at 1 A g−1 (2E).[66] 
Hence, optimizing N-content in the carbon matrix is highly rec-
ommended to obtain the best performance from an electrode. 
The electron-donor properties of N-doped carbon surface rely 
on the position of nitrogen atoms in the carbon matrix and the 
bonding environment. The possible CN bonds are amides, 
aromatic amines, protonated amides, pyridine (N-6), pyrrolic-N/
pyridone-N (N-5), quaternary/graphitic nitrogen (N-Q), oxidized 
pyridine-N (N-X), and nitrogen oxide (N-Ox) (Figure 7A,B). The 
presence of N-configurations in the carbon matrix is dependent 
on the energy supplied during the synthesis. Usually, peripheral 
bonding like amides, aromatic amines, and protonated amides 
occurs at low process temperatures with localized charge and 
they are generally unstable. Whereas, pyridine, pyrrole, aro-
matic amines, quaternary nitrogen, and protonated pyridine 
are formed at a relatively higher processing temperature with 
a delocalized charge and play a crucial role in electrochemical 

Figure 7. Possible N-bondings with carbon. A) N-configuration in graphene matrix. B) N1s spectra. Reproduced with permission.[131] Copyright 2019, Else-
vier. C) Atomic percentage of various N-configurations in N-doped graphene samples. Reproduced with permission.[132] Copyright 2013, The Royal Society 
of Chemistry. D) Binding energies between K+-ions and N-configurations. Reproduced with permission.[133] Copyright 2011, American Chemical Society.
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performances.[69,130,131] The formation of quaternary nitrogen 
(N-Q) generally requires high temperatures (above 750 °C) and 
N-Q is more stable at high carbonization temperatures than 
the N-group based configurations at the periphery of graphitic 
structure.[89,122]

Each configuration has a specific role in enhancing the phys-
icochemical properties of the electrode material. The negatively 
charged pyridinic-N (N-6) has a relatively larger dipole moment 
that improves the wettability of the electrode and charge 
transfer kinetics.[87] The pyrrolic-N (N-5), which is also nega-
tively charged, plays a similar role in improving the wettability 
and pseudocapacitance.[134] The high content of N-6 and N-5 
groups of N-rGO (basic in nature) lead to an enhanced charge 
density and favorable proton adsorption whereas rGO is acidic 
in nature mostly due to the higher population of the carboxylic 
groups.[89] Thus, the presence of N-6 and N-5 configurations 
is attributed for the excellent capacitive properties of N-rich 
carbon nanorods with the gravimetric capacitance of 707.58 F g−1  
at 2 A g−1 in 1 m H2SO4 and 553.12 F g−1 KOH at 2 A g−1 than 
in 1 m Na2SO4 (3E).[68] The redox reactions of N-6 and N-5 
groups are suppressed in the alkaline medium due to the lack 
of protons in an electrolyte and their basic nature.[89] Since the 
charge-distribution is different for each N-configuration, they 
have a difference in reduction/oxidation since, for example, 
N-X is an oxidizing agent (−0.264e) whereas N-6 is a reducing 
agent (+0.23e).[135] Moreover, protonated N-6 (+0.139e) can be 
transformed into N-Q (+0.173e to −0.059e) during the electro-
chemical charge storage process.[135] The redox reactions for the 
N-configurations in the acidic electrolyte are given as follows 
(Equations (1)–(3))[89,126,135,136]

Unlike in the previous report,[68,89] the gravimetric capacitance 
of N-doped carbon nanotube (CNT) is found higher in 6 m KOH 
(160 F g−1) than in 1 m H2SO4 (67 F g−1).[137] This observation is 
attributed to the i) higher pseudocapacitive contribution from 
the N-6 in basic medium, ii) better interaction with the anions 
of electrolyte, and iii) EDL formation by structural disorder and 
the presence of N-Q groups in the carbon structure since N-Q 
group is positively charged and attracts the electrolyte anions.[137] 
Interestingly, the K+ ion adsorption energy is found to follow 
the following order: N-6 (−2.06  eV) < N-6 with H-terminated 
dangling bonds (−1.92 eV) < N-O (−1.34 eV) < N-5 (−1.05 eV) < 
N-Q (−0.8 eV). With the lowest intrinsic resistance, the highest 
charge carrier concentration and lower K+ ion adsorption energy, 
N-5 rich rGO electrode shows better performance in an alkaline 
electrolyte.[132] Along with these primary N-configurations, it 
has been shown that the amine group also plays a significant 

role in enhancing the pseudocapacitance via the redox reaction 
(Equation (6)).[138] The redox reactions involving the N-configura-
tions in an alkaline medium are as follows[135,138]

The positively charged quaternary-N (N-Q) and pyridinic 
N–O contribute a pair of electrons to the conductive π-system, 
which results in the improved electron transfer across the 
electrode–electrolyte interface and enhances the electronic 
conductivity.[134] The quaternary-N contributes the pseudoca-
pacitance based on the N-Q contribution as estimated from 
the comparison of XPS results between two N-doped gra-
phene samples.[54] Hence, further investigations are required 
to clarify the role of N-Q as a pseudocapacitive contributor. 
Importantly, one can control the presence of specific N-config-
urations in carbon matrix by tuning the growth parameters. A 
careful examination of the XPS results reveals a simultaneous 
increase in the amount of oxygen concentration from 2.69 at% 
to 4.13 at% along with the N-content (2.25–3.43 at%) in the 
structure.[54] Therefore, the increased O-content and its corre-
sponding changes in the current scenario could contribute to 
the improved supercapacitive performance.

Pseudocapacitive features also depend on the specific plane 
of N-configuration: basal and edge planes (Figure  7D). It has 
been reported that the Faradaic reactions take place for N-6, N-5, 
and pyrone oxygen present at the edges.[130] On the other hand, 
the pyridine-N at basal planes are found to introduce structural 
defects and hence increase the localized electronic sites in the 
carbon matrix which results in the higher inner-resistance and 
lower power capability.[139] It has also been reported that the for-
mation of strong ionic bonding between N-5 and basal plane 
defects during reversible charge–discharge can reduce the Cou-
lombic efficiency of the system.[133] Contrary to those reports, 
N-6 and N-5 at the basal plane show the largest binding energy 
difference which influence the ability to accommodate higher 
amounts of electrolyte ions at the electrode surface and hence 
to improve the capacitance. In addition to N-content and spe-
cific type of N-bond, the relative ratio between the abundance of 
N-bonding types is also crucial to obtain the best supercapacita-
tive performance from N-doped nanocarbons.[140] The pseudoca-
pacitive contribution due to N-configurations can be quantified 
from the relation between the charge density and scan rate as 
shown in Figure 8A,B.[89] A good correlation between the areal 
concentration of N-6 and N-5 configurations and the interfacial 
capacitance in 1 m H2SO4 is established whereas no correla-
tion is found for N-Q configurations (Figure  8C–F).[141] More-
over, the pseudocapacitive behavior of high N-content carbon 
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microspheres appears to be different while they are tested as 
a positive or a negative electrode in H2SO4 electrolyte versus 
Ag/AgCl. Specifically, when used as a negative electrode, the 
microspheres display a lower potential range and hence higher 
capacitance than when used as a positive electrode.[142] This 
fact can be attributed to the fast and efficient Faradaic reac-
tions between pyridinic-N, pyrrolic/pyridine-N, and H+ at the 
negative electrode–electrolyte interface. This information sug-
gests that N-doped nanocarbon can be a choice as a negative 
electrode needed for the design of next-generation asymmetric 
supercapacitors.

4.2.2. Quantum Capacitance

The first-principles study shows that the quantum capaci-
tance of N-doped graphene is increased from 94.689 to 279.385 
µF cm−2 when N/C ratio is decreased from 0.2 to 0.02 in the 
graphene matrix.[97] Therefore, one needs to pay attention 
to designing doped nanocarbons with the optimized dopant 
content such that the quantum capacitance, EDL capacitance 
and pseudocapacitance are balanced since the total capaci-
tance is a series combination of all of them. Along with struc-
tural defects, pyrrolic-N generates a higher DOS(EF) which 
boosts the quantum capacitance of the structure.[143,144] Theo-
retical predictions on the charge-storage performance place 
the pyridinic-rich carbon structure above the pyrrolic-rich one 
since the quantum capacitance of pyrrolic-N (N-5) is low irre-

spective of N-concentration which limits the total capacitance 
(Figure 9A–B).[57] In addition, graphitic-N, and pyridine-N have 
been found to enhance the quantum capacitance proportion-
ally to the N-concentration.[57] Therefore, the role of N-5 in 
quantum capacitance and hence total capacitance is a subject 
of further research.

4.2.3. Influence of Pores

Another significant influencer on the supercapacitive property 
of N-doped nanocarbons are the pores and porosity associated 
with any specific N-configuration. For instance, pyridine-N, 
pyrrolic-N, and quinone-O species with micropores (>1  nm) 
have a positive influence toward the pseudocapacitance.[134,136] 
Waste bone derived activated carbon with the higher density 
of micropores, optimized pore size distribution and pseudoca-
pacitance due to the N-configurations exhibit excellent superca-
pacitive features.[145] N-doped hollow carbon spheres with open 
pore structure showed good performance as a supercapacitor 
electrode due to the high surface area, larger mesoporous chan-
nels, suitable pore size distribution, and thin outer shell that 
ensures the accessibility and pathways for electrolyte ions, as 
compared to N-doped hollow carbon spheres with the closed 
and semiclosed pore structure.[146] Hence, tuning the porosity 
of doped nanocarbons along with controlled N-content and its 
configuration is an effective means to yield high-performance 
supercapacitor electrode materials.

Figure 8. Capacitative performance of N-doped nanocarbons. Dependence of A) q on v−1/2 and B) 1/q on v1/2 for rGO and N-rGO in 1 m H2SO4 (q is the 
total charge and v is the scan rate). Reproduced with permission.[89] Copyright, 2012, Elsevier. Interfacial capacitance (ICCP) of N-doped carbon structure 
at 100 mA g−1 in 1 m H2SO4 versus areal concentrations of C) nitrogen, D) N-6, E) N-5, and F) N-Q (blue circles are the data from this reference and 
data represented by other symbol are from the other references). Reproduced with permission.[141] Copyright, 2011, Elsevier.
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4.2.4. Graphitic Carbon Nitride

With these significant signs of progress and advantageous fea-
tures in N-doped carbon, graphitic carbon nitride (g-C3N4) may 
be a promising candidate as a supercapacitor electrode.[147] For 
example, hierarchical N-doped porous carbon covered g-C3N4 
nanosheets exhibit a gravimetric capacitance of 740 F g−1 at 
2 A g−1 in 1 m H2SO4 (3E).[148] Unfortunately, pristine g-C3N4 
has several flaws like low surface area, poor conductivity, 
restacking, etc., that limit the power density and energy density 
of the system.[147]

4.3. Sulfur

Sulfur (S) is also regarded as a promising doping element in a 
carbon matrix to enhance the physicochemical properties like 
electrical conductivity and specific capacitance. The increased 
conductivity after S-doping is due to the overlap of p-orbital 
between S atom and sp2-hybridized carbon atoms which form 
an extended p-system with a filled valence band. Due to the 
electron-richness of S, the dipole moment is increased upon 
the application of electric field leading to the enhanced polar-
ization which results in the higher capacitance in the carbon 
structures according to the following relation[149]

/ and 1/ 2r 0 r r
C

A
d Pε ε ε ε= ∝ − +  (7)

where εr and ε0 are the electrolyte dielectric constants and die-
lectric constant of free space, A is the electroactive surface area 
of electrode, and d is the mean distance of ions to the electrode 
surface.

4.3.1. Effect of Sulfur Content and Atomic Configurations

The physicochemical properties of nanocarbons also change 
with doping which is discussed throughout this review and 
summarized in Table 1. For example, rich S-doped porous car-
bons with 8.245 wt% (8.102 at%) S-content show the gravi-
metric capacitance of 350 F g−1 at 1 A g−1 in 3-E[152] whereas 

gravimetric capacitance of 445.6 F g−1 at 5 mV s−1 is reported 
from the S-incorporated rGO aerogel[153] with just 1.9 at % 
S-content. Importantly, the former doped nanocarbon also 
contains 0.554 at% N whereas the latter S-incorporated rGO 
aerogel contains 5.9 at% oxygen and shows porous struc-
ture. Therefore, tuning the structure and balancing the 
S-content for the specific atomic configurations are crucial 
to enhance the charge-storage properties of the electrode. 
However, the amount of S-content in the carbon-matrix is 
not generally seen as the N-content and/or O-content. For 
example, thiourea based N/S codoped nanocarbon contains 
17.62  wt% of nitrogen but the S-content is only 1.69  wt% at 
the carbonization temperature of 600  °C and both contents 
decrease at higher carbonization temperature.[154] Recently, 
doped mesoporous activated carbon with 9.86 wt% (4.07 at%) 
S-content has been achieved using the simple hydrothermal 
method at 600 °C.[155]

Like other dopants, sulfur also bonds with carbon in dif-
ferent configurations, namely thiophene-S (C–S–C), sulfoxide 
(C–SOx–C, x = 2–4), sulfone/sulfate group (SOx) and sulfonic 
acid, each playing a specific and distinct role in the physico-
chemical changes in the structure (Figure  10A,B). Among 
these, aromatic sulfides are found to be stable under pyrolysis 
at 1000  °C whereas SO2 evolution is observed from sulfone 
and sulfoxide groups.[149] The sulfoxide group provides pseu-
docapacitance and improves the hydrophilic nature.[149] The 
sulfone/sulfate group is related to the pseudocapacitive con-
tribution and hence an improvement in specific capacitance 
of S-containing porous CNT has been noticed.[156] A 38% 
enhancement in the specific capacitance (20% in gravimetric 
capacitance) of S-doped mesoporous carbons is achieved, 
presumably due to the presence of aromatic sulfide.[149] Fur-
thermore, the 34% enhancement in specific capacitance (72% 
in gravimetric capacitance) is achieved after introducing 
sulfoxide and sulfone group into the mesoporous carbons 
in 6 m KOH electrolyte.[149] On the contrary, a reduction of 
the sulfate/sulfone group in the matrix is reported to be 
beneficial because more reversible pseudosites of the doped 
nanocarbons become available for Faradaic redox reactions 
in 0.5 m H2SO4 electrolyte.[157] Furthermore, S-doped nano-
carbons outperform in H2SO4 electrolyte in terms of pro-
nounced specific capacitance, long-term stability and rate 

Figure 9. Quantum capacitance. A) Quantum capacitances of N-configurations and B) plot of capacitive contribution from each N-configuration. 
Reproduced with permission.[57] Copyright 2016, PCCP Owner Societies.
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capabilities.[149,153,158] The proposed redox reactions in H2SO4 
are as follows[159]

The question which still remains unanswered is whether 
there is any correlation between the specific S-configuration 
and the nature or pH of the aqueous electrolyte? Likewise, the 
sulfone group appears to be unstable at higher current densi-
ties in 6 m KOH electrolyte.[156] Beside these S-configurations, 
thiophene-S also improves the surface properties and ion 
transportations.[149,160] Moreover, the oxidized thiophene-S 

species, a product of high-temperature oxidation of thiophene-
S, is found to be effective in terms of better electrical conduc-
tivity, higher rate capability, better structural stability and higher 
pseudocapacitive contribution.[160] In addition, the positive 
charge introduced by the thiophene-S group to the neigh-
boring carbon atoms attracts the electrolyte ions and hence an 
improvement in charge-storage capacity is observed.[150,151]

4.3.2. Influence of Pores

The addition of sulfur prevents pore shrinkage and undesired 
pore formation.[161] The presence of mesopores along with the 
high S-content ensures excellent supercapacitor performance 
by the 1.4  V symmetric device with gravimetric capacitance 
137.7 F g−1 at 1 A g−1 in H2SO4 electrolyte and energy density 
of 9.345 Wh kg−1 at 687 W kg−1.[155] Moreover, the presence of 
sulfur in small pores of nanocarbons brings positive charges 
which attract anions and facilitate electrode–electrolyte interac-
tions.[151] Thus, S-doped activated carbon structures performs 
better in terms of gravimetric capacitance and hence energy 
density in 6 m KOH than in 1 m H2SO4 electrolyte.[158] The 
possible redox reactions in KOH medium are as follows[149]

S OH OH S O 2e H O2> − + ↔ > = + +− −  (11)

S O 2OH SOO 2e H O2> = + ↔ > + +− −  (12)

Figure 10. Possible S-bondings with carbons and associated physicochemical changes by S-doping. A) Schematic of possible S-configuration in 
carbon matrix. Reproduced with permission.[69] Copyright 2015, American Chemical Society. B) S2p spectra of N/S codoped graphene nanoribbons. 
Reproduced with permission.[80] Copyright 2016, Elsevier. C) HAADF-STEM of oxidative derivatives of 4,4′-thioldiphenol derived mesoporous carbons 
with C, O, S mapping images. Reproduced with permission.[149] Copyright 2012, Elsevier. D) Water contact angle of S-doped carbon nano-onions ink. 
Reproduced with permission.[150] Copyright 2019, American Chemical Society. Dependency of specific capacitance of sulfur-doped nanoporous carbons 
modified by graphene on E) DC conductivity and F) amount of groups (oxygen or sulfur). Reproduced with permission.[151] Copyright 2014, Wiley-VCH.
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4.3.3. Wettability

The hydrophilic characteristic of S-doped carbon nano-
onions ink are shown in Figure  10D. A fully wetted surface 
in the organic electrolyte has been observed when S-content 
is high in the S-rich cryogel.[162] S-doped carbon nano-onions 
with 3.57 at% S-content and 2.86 at% O-content show the 
water wetting angle of 48°.[150] Generally, a higher amount of 
sulfur compared to oxygen is evidenced from the XPS results 
of the S-doped nanocarbons.[153,156,158,160,161] On contrary, the 
increase in O-content from 5.8 to 12.4 wt% along with sul-
foxide and sulfone group introduction is hard to avoid under 
realistic experimental conditions.[149] Although sulfoxide 
groups were predicted to impart hydrophilic surface proper-
ties,[149] the surface hydrophobicity actually increased after 
S-incorporation into the carbon matrix.[151] The O-function-
alities with 11.5 at% content can be attributed to the hydro-
philic nature of S-doped nanoporous carbons rather than the 
S-content (1.9 at%) and sulfoxide groups.[151] Therefore, the 
hydrophilic features of S-doped nanocarbons may be par-
tially due to the presence of O-functionalities, yet this point 
requires further clarification. Hence, the effect of O-func-
tionalities on the capacitance enhancement in mesoporous 
carbon monolith cannot be ignored. An improvement in 
the gravimetric capacitance of doped nanocarbons can be 
achieved by tuning the content of functional groups (oxygen 
or sulfur), as shown in Figure 10F, although doped nanocar-
bons possess lower surface area and low pore volume than 
their pristine counterpart.[151,162] Therefore, it might not be 
accurate to conclude that the enhanced supercapacitive per-
formance of doped nanocarbons solely owes to the introduc-
tion of S-dopant.

Although S-doping is promising, the use of S-based pre-
cursor in high-temperature synthesis has safety issues due to 
volatility of sulfur and toxic nature of byproducts. In addition, 
the rate capability of S-doped carbon is another issue. This is 
because the atomic radius of S (100 pm) is larger than that of 
carbon (70 pm) and hence a significant amount of strain and 
defect sites are introduced in the carbon matrix.[104] Leakage 
current is another recurring problem with the S-doped 
carbon, exacerbated by device degradation due to the pres-
ence of sulfone and sulfoxide groups.[154] The leakage cur-
rent is higher in H2SO4 than in neutral electrolyte.

[159] Hence, 
using appropriate electrolyte for S-doped carbon or codoping 
with other heteroatoms to maximize the benefits of S-doping 
remains a persistent research question, which we continue to 
discuss below.

4.4. Phosphorous

From the same group in the periodic table, phosphorous has 
a larger atomic radius and higher electron-donating ability 
than Nitrogen. Thus the bond length increases to 1.765 Å and 
the P atoms protrude out from the graphene plane by 1.19 Å. 
P-doping into nanocarbons introduces new states around the 
Fermi level without any shift and enhances the integrated 
quantum capacitance of P-doped CNTs.[173]

4.4.1. Surface Features and Porosity

The H3PO4 activation is a relatively simple approach to syn-
thesize P-doped nanocarbons. In addition to the introduction 
of P-group in the carbon matrix, the activation process also 
helps optimize the pores in the structure.[174,175] Along with 
the doping, internal structures with balanced pore sizes and 
distribution are essential for rapid and efficient ion transport 
and better rate performance. Unlike other dopants, the BET 
surface area, micropore volume and total pore volume of the 
P-doped nanocarbons are higher compared to the pristine 
counterpart.[175] Noting the enhanced gravimetric capacitance 
of 315.2 F g−1 at 0.42 A g−1 in 6 m KOH (3E), it is important 
to summarize that P-doping in graphene structures leads to i) 
distortion of graphene wrinkles due to longer PC bond than 
CC bond which results in the higher surface area, increased 
inter-layer spacing of GO (≈3.63 Å compared to pristine GO of 
3.55 Å), ii) improved electrical conductivity, and iii) induced 
topological defects.[176] All these changes can be regarded as 
intentional atomic-scale modifications, and explored to further 
improve the energy storage performance. Experimental data 
supporting the positive influence of P-doping on the charge-
storage performance of nanocarbon are also reported.[177] 
Remarkably, the highest gravimetric capacitance of 348.8 F g−1  
at 5  mV s−1 is exhibited by P-doped hierarchical carbon 
aerogels in 6 m KOH (3E) even at higher mass loading of 
60  mg cm−2 whereas the gravimetric capacitance is 406.2 F g−1  
at mass loading of 2  mg cm−2.[178] Supercapacitor perfor-
mances of doped nanocarbons with higher mass loading  
(at least 10 mg cm−2) are more appropriate for real-world appli-
cation.[179,180] To a large extent, the impressive supercapacitive 
performance of P-doped hierarchical carbon aerogels can be 
attributed to the higher surface area, abundant pores for easy 
accessibility of electrolyte ions and active sites provided by the 
P-dopant. The activated and passivated P-doped carbon struc-
ture is found to be electrochemically stable in a wider potential 
window in aqueous electrolyte even after several charge–dis-
charge cycles.[166,175] In fact, P-doped GO/carbon fiber is oper-
ated in a potential range of −1.2 to 0 V in 6 m KOH versus Hg/
HgO.[176] The stable voltage for the symmetric device of rGO, 
P-doped rGO, and passivated P-doped rGO in 6 m KOH are 1, 
1.3, and 1.4 V, respectively.[166] This observation is also impor-
tant for rational design of doped nanocarbons to obtain the 
best charge storage performance.

Interestingly, P-doped microporous carbon, prepared by 
H3PO4 activation, shows a higher gravimetric capacitance of 
220 F g−1 in 1 m H2SO4 at 1 A g−1 and widened voltage of 1.5 V 
which is higher compared to activated charcoal trademarked 
Norit (140 F g−1 at 1 A g−1 and 1.2 V). It is important to note that 
Norit possesses higher BET surface area of 697 m2 g−1 and pore 
volume of 0.4 cc g−1 than that of P-doped microporous carbon 
(633 m2 g−1, 0.31 cm3 g−1). Thus the improved supercapacitive 
properties of P-doped microporous carbon can be largely attrib-
uted to the presence of P-content.[175] In addition, the P-dopant 
also donates a lone pair of electrons to the graphene lattice 
which attracts the protons of electrolyte and thus contributes 
to the Faradaic redox reactions.[169] The higher gravimetric and 
volumetric capacitance of P-doped nanocarbons in 1 m H2SO4 
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than in 1 m Na2SO4 is attributed to the smaller size, higher 
mobility, molar ionic conductivity of H+ ions and higher pseu-
docapacitive contributions.[181] The corresponding redox reac-
tions involving P-functional groups in H2SO4 electrolyte are 
given below[102,169]

4.4.2. Quantum Capacitance

The quantum capacitance is also found to decrease with the 
increase in doping concentration. The estimated room tem-
perature quantum capacitance of P-doped graphene has been 
predicted to reach a maximum of 346.1 µF cm−2 at 5.5% doping 
concentration using DFT calculations.[182] The DFT calculations 

have predicted that the adsorption of P-adatom on graphene 
surface is unstable above the doping concentration of 8%. Reli-
able experimental data to validate the theoretical predictions are 
thus warranted.

4.4.3. Effect of Phosphorus Atomic Configurations

Apart from P-content, the P-configurations C3P, C3PO, 
COP, and CPO (Figure 11A–D) may also play a signifi-
cant role in the physicochemical changes of doped nanocar-
bons that can enhance the supercapacitor performances. It is 
natural to expect that each configuration plays a role different 
from the other, as observed in other heteroatoms doped nano-
carbons discussed above.

Both PC and PO configurations have been demon-
strated to enhance the capacitive performance. Moreover, the 
increased surface area, prevented agglomerations and passi-
vated surface defect sites of graphene structure are observed 
after P-doping.[183,184] The amount of each atomic configuration 
and their relative ratio are found to depend on the underlying 
synthesis route. P-doped rGO hydrogel with requisite P-con-
tent and higher amount of PO is achieved using phytic acid 
(C6H18O24P6) rather than KH2PO4 and H3PO4 as the source of 
phosphorous, ensures higher pseudocapacitance in H2SO4 elec-
trolyte.[183] It has been reported that a higher amount of phos-
phorous bonded with oxygen rather than carbon shows a higher 

Figure 11. Possible P-bonding with carbon with associated binding energies and supercapacitor performance of P-doped nanocarbons. A) Possible 
P-configuration in carbon matrix. Reproduced with permission.[69] Copyright 2015, American Chemical Society. B) P 2p spectra of P-doped rGO. Repro-
duced with permission.[166] Copyright 2019, American Chemical Society. Theoretical modelling for C) binding energy and D) formation energy for the 
phosphorous and carbon binding (SV: single vacancy, DV: divacancy, 1 and 2 represent P atoms is connected to 1 and 2 C atoms, respectively, blue  
(4 × 4–3.1%), pink (5 × 5–2.0%), and green (6 × 6–1.6%), are graphene lattice size and corresponding phosphorous content in the model). Reproduced 
with permission.[166] Copyright 2019, American Chemical Society. Supercapacitive performance of P-doped carbon nanostructures in E–F) H2SO4. 
Reproduced with permission.[77] Copyright, 2015, Wiley-VCH.
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pseudocapacitance.[183] The H3PO4 activated GO followed by 
passivation in an inert atmosphere results in a relatively higher 
amount of C3PO and CPO bonding links, whereas the 
proportion of C3P and COP bonds decreases in the final 
structure.[166] It is worth mentioning that the C3PO and 
CPO improve the wettability of the carbon surface, increase 
the interlayer spacing and hence promote the electrolyte ionic 
diffusion into the electrode interior.[166]

4.4.4. P-Dopant as Protector

The advantageous features of P-doping into the nanocarbons 
include intentional structural defects, restricted electrophilic 
oxygen formation, suppressed unstable quinone and car-
boxyl group formation, protected carbon lattice defect sites, 
reduced self-discharge and lower leakage current since P-atom 
act as a bridging element in C3PO and CPO atomic 
links.[166,181] Moreover, P-doping helps stabilize the surface 
functional groups of carbon structures. An introduction of 

P-dopant in the nanocarbons also has a significant effect on 
the concentration of nitrogen and oxygen functionalities in the 
carbon matrix. It has been reported that the adsorption ener-
gies of P-doped carbon have a strong affinity toward H3O+ 
(ΔEads  =  −1.02 for P-carbon fiber and −1.44  eV for 2P-carbon 
fiber).[185] This feature certainly strengthens the interaction 
between the metal oxide and carbon structures (Figure 12). As 
a result, an effective growth of heterostructures on the P-doped 
nanocarbons has been demonstrated where P-doped carbon 
serves as a support material to obtain high-performance super-
capacitor electrodes.[82,185]

These results evidence that P-doping not only enhances the 
total capacitance but also extends the potential window and 
hence improves the energy density of the device. The specific 
capacitance and energy density of P-doped carbon electrodes 
still require substantial improvements. However, the impres-
sive features of P-doped nanocarbons of lower leakage current, 
protecting nanocarbons from oxidation and stabilizing surface 
functional groups are promising to utilize in codoped nanocar-
bons, as discussed later in this review (Section 5).

Figure 12. Electronic properties of electrode materials. a–b) Calculated density of states, c–d) charge density distribution, and e) adsorption energy 
for electrolyte on simulative models of CMK-3-P-Fe2O3, CMK-3-Fe2O3, and CMK-3-P (CMK: P-doped mesoporous carbon, CBM: conduction band 
minimum, VBM: valence band maximum). Reproduced with permission.[82] Copyright 2019, Elsevier.
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4.5. Fluorine

Fluorination is another effective strategy for improving the 
capacitive properties of carbon structures. Fluorine (F) doping 
is acidic in nature and serves as an electron-acceptor.[38] It 
increases the strain of the carbon matrix and repulsive inter-
action within the carbon lattice which leads to the amplified 
electroactive sites.[186] Fluorine doping may also transform sp2 
carbon to sp3 carbon by bonding covalently. An introduction 
of F atoms increases the CC bond length to ≈1.57 Å. Hence, 
F-atom protrudes out from the graphene plane and found to 
be more stable at edge compared to its interior counterpart.[187]

A stronger affinity between the organic electrolyte ion and 
F-containing surface has been observed (Figure  13A–D).[71] The 
calculated adsorption energy of F-doped carbon matrix with TEA+ 
ions is −67.52 kJ mol−1 whereas it is −48.97 kJ mol−1 for the pris-
tine material.[71] Hence, the F-rich mesoporous carbon in organic 
electrolyte exhibits a high energy density of 42.2 Wh kg−1 at 134.9 
W kg−1. The available data suggest that the improved electro-
chemical performance of F-rich mesoporous carbon compared 
to pristine is most likely due to the synergistic effect of pore 
distributions and surface chemistry. However, the extent of the 
synergy remains unclear and requires further studies. Besides 
F-doped nanocarbons in an organic electrolyte, an obvious incre-
ment in the gravimetric capacitance of 252.6 F g−1 at 0.5 A g−1 in 
1 m H2SO4 versus Ag/AgCl from 209.6 F g−1 (for pristine carbon 
nanofiber) is observed after F-doping into the nanofiber.[186] Like-
wise, thermal reduction applied to the fluorographene improves 
the capacitive features while maintaining excellent structural 
stability in neutral electrolyte.[188] Generalizing the results from 
the recent reports,[71,186,189,190] we can conclude that the improved 

charge-storage kinetics can be attributed to the enhanced polari-
zation from the high electronegativity of the CF semi-ionic 
bonding, higher surface area, pore refinement, improved gra-
phitic quality, and higher wettability. Oxyfluronitrated activated 
carbon exhibits higher gravimetric capacitance of 397 F g−1 at 
5 mV s−1 in 1 m H2SO4 versus Ag/AgCl than the untreated ones 
due to the synergistic effect of the higher density of micropores, 
optimum mesopore volume and electrochemically active surface 
functionalities like CF and quinone CO.[191]

DFT calculations also suggest that the F-doping redis-
tributes the charges of N atoms and reduces the energy gap 
between the valence and conduction bands.[38] The maximum 
quantum capacitance of F-doped graphene is estimated to 
be 209 µF cm−2.[193] Moreover, fluorine is stable at edges of 
the lattice which has been observed to prevent corrosion 
over the long-term cycle life.[186] We emphasize however, that 
no pseudo-Faradaic reactions are involved in charge-storage 
of F-doped nanocarbons as reported.[71,189] Hence, it can be 
concluded that the F-doping into the nanocarbons has mostly 
improved the structural properties and enhanced the EDL 
capacitance. On the contrary, the observed redox peaks in the 
cyclic voltammogram of fluorinated rGO hydrogel is an indi-
cator of the occurrence of the oxidation and reduction reactions 
which contribute to the pseudocapacitance (Figure  13G).[192] 
Further investigations are thus needed to explore the associated 
charge-storage mechanism induced by F-doping.

Another important function of fluorine is to protect carbon 
surface from oxidation during the growth of heterostructures. 
The F-doped carbon has been utilized as a backbone to grow 
heterostructures to obtain a high-performance supercapacitor 
electrode.[194]

Figure 13. Structural changes and redox reactions by F-doping. Simulated electrostatic potential surface for A) pristine graphene and B) fluorine-doped 
graphene. The inset is electrostatic potential scale bar; the most negative value is red while the most positive value is blue. Optimized configuration 
of TEA+ adsorbed on C) pristine graphene and D) fluorine-doped graphene. The contact angle of TEABF4 on E) nanoporous carbon and F) F-doped 
nanoporous carbon. Reproduced with permission.[71] Copyright 2016, Elsevier. G) redox reaction scheme by F-functional group. Reproduced with 
permission.[192] Copyright 2016, Elsevier.
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4.6. Chlorine

Apart from fluorination, chlorination process has also 
received significant attention to improve the supercapacitor 
performance of nanocarbons. Chlorination such as high-
temperature chlorine treatment is a common practice to syn-
thesize carbide-derived carbons (CDC) by etching metal part 
from the metal carbide.[195,196] These CDC are among the most 
popular carbon structures with tunable pore and surface areas 
for applications in supercapacitors.[197] Unfortunately, the 
gravimetric capacitance of CDC is limited to ≈150 F g−1.[13] The 
chlorination temperature has been reported to define the final 
structure including the number and type of impurities.[198,199] 
However, the discussion on the impact of Cl-impurities on 
the supercapacitor performance of CDC is scarce. Nearly 
rectangular cyclic voltammogram of CDC over a range of 
−0.6 to 0.6 V in various aqueous electrolytes[197] manifests the 
absence of a large number of functional groups, thus dimin-
ishing the pseudocapacitive contribution. On the other hand, 
the poor rate performance and power characteristics of CDC 
in ionic liquids at high current density can be attributed to 
the presence of Cl-residues whereas no significant effects by 
Cl-residues on the supercapacitor performance have been 
observed in 1 m H2SO4.[198] Moreover, CDC with higher Cl-
content and lower surface area have been reported to have a 
higher specific capacitance in 1 m H2SO4 (2E) than the nano-
carbons with lower Cl-content.[198] Interestingly, the scenario 
appears to be quite opposite for the electrodes in EMIBF4 
ionic electrolyte. One can argue that the observed trends can 
be explained by the interaction between the solvent molecules 
and structural defects of the CDC, yet the specific mechanism 
remains unclear.

Chlorination improves the rate capability and hence the 
power density of ordered mesoporous CDC in ionic electro-
lyte as chlorination reduces the polarity of carbon surface and 

protects against reoxidation.[200] An improved specific capaci-
tance, rate performance, lower charge-transfer resistance in 
Cl-doped rGO over pristine rGO are certainly indicative of 
better capacitive properties.[201] With the improvement in elec-
trical conductivity, Cl-doping also assists to integrate the rGO 
film, decomposes the oxygen groups present on graphene 
and converts them to gases subsequently as well as serves as 
a reducing agent in Cl-rGO film. HCl assisted solvothermal 
method is an effective method to prepare the Cl-rGO sam-
ples.[202] Hierarchically porous CDC with Cl and N function-
alities deliver the highest gravimetric capacitance of 277.7 F g−1 
at 0.5 A g−1 in 6 m KOH (3E) which is higher than that of any 
reported CDC.[199] Hence the enhanced capacitance can be 
ascribed to the N-functionalities and corresponding changes. 
However, Cl-doping into the ordered mesoporous carbon with 
few-layer graphenes does not affect the pore structures, BET 
surface area, wettability, charge-distributions or XPS-derived 
O-content (Figure  14A).[168] Thus the improved capacitive 
performance of the electrode material can be attributed to 
the Cl-induced pseudo-Faradaic reactions. The pseudocapaci-
tive contribution from the Cl-species, as evidenced from the 
charging peaks at ≈0.24 and 0.44  V in cyclic voltammogram 
(Figure  14B), is related to the improved specific capacitance 
of CDC.[168] Similar redox-peaks are also observed from the 
cyclic voltammogram of Cl-rGO in 1 m H2SO4

[201] but we would 
like to point out that those peaks in this case are related to 
the O-functionalities. Although the enhancement in capaci-
tive properties of rGO after Cl-doping does not show any clear 
correlation with process parameters,[201] the observed phys-
ical changes after Cl-doping includes short-range ordering, 
increased inter-layer spacing higher amount of wrinkles and 
relatively higher defects in the graphene sheets. Revealing 
the relevant correlations represents an obvious opportunity 
for research. Collectively, the above results clarify that there 
is a significant impact of Cl-doping on the charge-storage 

Figure 14. Structural and capacitive changes by Cl-doping. A) Micrograph, Raman spectra, XP spectra, elemental mapping, XRD, pore structure 
analysis. B) Supercapacitive properties of Cl-doped ordered mesoporous carbons with few-layer graphene with their pristine counterpart. Reproduced 
with permission.[168] Copyright 2016, American Chemical Society.
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performance of nanocarbons. More attention should be paid to 
the underlying mechanisms of Cl-doping and their relation to 
the charge storage performance.

Similar to N and P elements, controlled Cl-doping in gra-
phene results in a significant enhancement in the quantum 
capacitance.[182] It has been seen that the charge transfer per 
atom to Cl-atom from graphene sheet is higher (0.6e) than for 
the N-functionalization (0.5e), and P-functionalization (0.3e). 
With the high electronegativity of 3.16, the Cl-functionalized gra-
phene (Cl-FG) shows a comparatively high quantum capacitance 
of 553.7 µF cm−2 at 300 K than other functionalized graphenes 
(FG–P: 346.1162 µF cm−2; FG–N: 256.4227 µF cm−2) and pristine 
graphene (1.2947 µF cm−2) according to DFT calculations consid-
ering 5.5% doping concentration for all cases.[182] The quantum 
capacitance of Cl-FG is found to increase to 1141.7 µF cm−2 up to 
12% Cl-concentration. It is important to note that the quantum 
capacitance of Cl-doped nanocarbons is higher than for any 
other doped nanocarbons. The quantum capacitance reduces 
beyond 12% Cl-concentration since the localized states near 
Fermi energy are getting affected due to the interaction between 
the impurity centers and stronger Cl–Cl interaction leading to 
Cl2 formation and hence desorption from the surface.[182] More-
over, CCl bond weakens at 366 °C and Cl evaporates at 600 °C 
completely.[203] Thus, CCl bond is not stable compared to CF 
and CC bonds. In addition, CCl bond length is larger than 
the length of CF and CH bonds. We note that a larger bond 
length can distort the graphene matrix.

Noteworthy, halogenated nanocarbons typically show a 
higher rate performance than other doped nanocarbons 
(Table 1). In spite of several promising features of halogenated 
nanocarbons, further research to improve the specific capaci-
tance and to widen the potential window are needed to imple-
ment the Cl-doping, especially for the development of industry 
relevant processes.

4.7. Silicon Doping

Silicon is the workhorse of the semiconductor industry, where 
it is extensively used as a host matrix in which various dopants 
are added to modify its electronic band structure. In the area of 
supercapacitor devices, Si acts as a dopant in the carbon matrix 
leading to better supercapacitive properties. Indeed, Si-doping 
into the N/P-doped carbon nanofibers increases the capacitance 
by 30 F g−1, enhances the rate capability, cycle stability, and 
accelerates the EDL formation.[170]

Si-doped nanocarbons are semiconducting in nature.[204] 
These structures have the lowest formation energy compared to 
the cases of P and S doping. However, Si-doping does not open 
the band gap in graphene.[205] Si-doping changes the chemical 
composition and physical parameters of the nanocarbons as 
shown in Table 1. The polar group SiOC/SiOSi enhances 
the wettability of doped nanocarbons.[206] It is noteworthy that 
Si-based precursor not only dope Si into carbon but also pro-
duces pores and increases the surface area, pore volume, and 
pore diameter in the doped nanocarbons.[206,207] These pores can 
accommodate a large number of electrolyte ions. Importantly, 
the presence of mesopores leads to higher adsorption rates. As 
a result, the electrolyte resistance and charge-transfer resistance 

reduce rapidly leading to better charge-transfer kinetics for the 
Si-doped carbon nanofiber in organic electrolyte.[206] Si-doping 
also introduces defects in GO, breaks basal planes and pro-
vides sites for the ion adsorption.[208] The distortion or defects 
in graphene structure is obvious due to the larger bond length 
of SiC (1.75 Å) compared to CC bond. A significant elec-
trochemical performance enhancement observed in Si-doped 
carbon nanofibers can be attributed to electrical conductivity 
and functional groups in the matrix after Si-doping along with 
the increased surface area.[167] Since Si has a lower electronega-
tivity than carbon which results in an increased electron den-
sity of adjacent carbon atoms and hence accelerate the Faradaic 
reactions.[169] The possible redox reaction due to Si-dopant in 
H2SO4 electrolyte is as follows[170]

Based on the literature survey, it has been seen in most of 
the cases that Si atoms are simultaneously doped along with 
other dopants.[169,170] In spite of the reported improvements, 
it is important to single out the effect of Si-doping on super-
capacitive features of carbon nanostructures, the issue which 
presently remains unresolved. However, one should be aware 
that Si-doping into nanocarbons may have negative effects such 
as i) higher atomic radius (111 pm) of Si than that of carbon 
can introduce severe stress in the as-synthesized doped nano-
carbons, ii) high oxidation probability of Si can deteriorate full 
structure, and iii) poor mechanical characteristics while being 
used in flexible and wearable devices. These points represent 
an obvious opportunity for improvements where codoping 
examined in the following section may offer viable solutions.

4.8. Oxygen-Functionalization

It has been observed that synthesizing the nanocarbons without 
oxygen content is nearly impossible as the dangling carbon 
bonds are known to absorb the moisture rapidly. However, this 
minimal O-content is neither sufficient to make the carbon 
surface hydrophilic[209] nor is enough to provide a signifi-
cant pseudocapacitive contribution. Therefore, it is of interest 
to increase the O/C ratio up to a certain level with the appro-
priate configuration such that the carbon surface can transform 
from hydrophobic to hydrophilic without degrading the desir-
able characteristics of carbon. It has also been seen that doped 
nanocarbons contain a significant amount of oxygen which 
usually increases with doping concentration in the carbon-
matrix. The inevitable oxygen functional groups have a signifi-
cant impact on the charge-storage properties of nanocarbons 
as discussed above. In addition, oxygen functionalization has 
received a great deal of attention to improve the carbon-based 
energy storage electrode properties. This is why we discuss 
the effect of oxygen functionalization here. Unfortunately, the 
terminology of “doping” has been used extensively instead  
of the more appropriate term of oxygen functionalization. 
Indeed, term “doping” is usually defined as an introduction of 
small amount of impurities into the host material to tailor its 
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properties. On the other hand, functionalization is achieved by 
the attachment of functional groups onto the host surface and it 
is a surface-related process which is different from conventional 
doping. Hence functionalization is an appropriate term in this 
context except for the case when in-plane cyclic ether groups 
are used rather than O-doping. We will follow the same termi-
nology related to O-functionalization throughout this review.

The various possible configurations of oxygen links with 
carbon are shown in Figure  15A, but not all of these groups 
participate in the charge storage activity. With the hydrophilic 
features, the O-functional groups mainly contribute to the 
physicochemical changes of O-doped nanocarbons, as shown in 
the XP spectra except for physisorbed oxygen (Figure 15B).

4.8.1. Wettability and Porosity

Most popular ways to simultaneously make the surface hydro-
philic and introduce controlled O-functionalities in nanocarbon 
matrix are chemical activation or plasma treatment.[10,212–214] It 
has been observed that KOH activation of the vertically graphenes 
assists in reducing its water contact angle by 30° along with pore 
formation, better graphitic quality and higher specific capaci-
tance than that of the pristine material.[10] It is also possible to 
create mesoporous channels with micropores which significantly 
enhance the ion accessible surface area and ion diffusion onto 
the entire electrode surface.[215] The higher rate of wettability of 
pristine nanocarbons in KOH is ascribed to the higher specific 
capacitance compared to H2SO4 and Na2SO4.[49,216] Since KOH 
activation results in disordered pores with random distribution 
and drastic damages in the structure,[142,212] it may weaken the 
electrochemical performance, mechanical properties of carbon 

structures, and hence lead to properties undesirable in applica-
tions in flexible/wearable electronics. We emphasize that the 
activation reaction mechanism in KOH and NaOH is different: 
NaOH reacts with energetic sites of the carbon surface whereas 
KOH intercalates between the carbon layers.[217] Oxygen plasma 
functionalization can make the surface near or completely 
hydrophilic, a higher amount of defects and hence higher ion 
diffusion rate at the electrode–electrolyte interface, excellent 
charge-transfer, reduced contact resistance and internal resist-
ance (Figure  15C,D).[10,163,211] It is also reported that the oxygen 
plasma activated biochar contains larger pore volumes with 
higher average pore size compared to that of chemically acti-
vated biochar. Not surprisingly, plasma-activated biochar exhibits 
around two times higher specific capacitance compared to that 
of chemically activated biochar although chemically activated bio-
char showed a higher BET surface area.[164] From these results we 
can conclude that the enhanced wettability of the surface suits 
more effective electrode–electrolyte interactions that stimulate the 
migration rate of electrolyte ions into the surface and reduces the 
mass transfer resistance which results in the better EDL forma-
tion across the interface, which is consistent with relevant litera-
ture.[163,211,218,219] The oxygen-containing functional groups serve 
as electrochemically active sites and do not contribute to the EDL 
formation. However, these groups enhance the total capacitance 
by providing pseudocapacitance via redox reactions. The relation-
ship between the O-content and capacitance is (Equation (15))[220]

F g exp 5.32 10 1 0.0158 O1
0

3 2C C j{ }( )( ) [ ]= − × +− −  (17)

where C is the capacitance, C0 is the coefficient, j is the low cur-
rent density, and [O] is the O-content.

Figure 15. Possible O-configurations in carbon. A) O-configuration in graphene matrix. Reproduced with permission.[210] Copyright 2019, American 
Chemical Society. B) C1s spectra of plasma treated vertical graphene, C) water contact angle of vertical graphene before and after O-plasma treat-
ment, and D) Plot of areal capacitance and water contact angle with respect to the plasma treated vertical graphenes. Reproduced with permission.[211] 
Copyright 2015, Elsevier.
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4.8.2. Graphene Oxides

First-principles study shows that the quantum capacitance can 
be increased from 19.997 to 247.379 µF cm−2 by increasing the 
O/C ratio from 0.02 to 0.39%.[97] We stress that the charge-storage 
features of O-functionalized nanocarbons are usually enhanced 
compared to their pristine counterparts. These facts may lead 
to the idea that GO, intrinsically O-containing graphene, can 
have excellent supercapacitor performance. However, the very 
large amount of oxygen makes GO a poor conductor with poor 
graphitic quality. An O-concentration in carbon matrix beyond 
a certain limit has been observed to induce a self-discharge, 
increase the internal resistivity, decrease the micropores, 
mesopores, and BET surface area in the carbon-based elec-
trochemical capacitor (Figure  16A–C).[221] Figure  16B–C  
is self-explanatory on the role of specific O-functional groups 
along with their structural changes.[165, 222] Rather than ther-
mally-treated GO (314 F cm−3) or chemically-reduced GO 
(134.2 F cm−3), functional pillared graphene framework, 

prepared by low-temperature treatment of GO by O3, with 
highly stable O-content and packing density shows better 
capacitive properties with ultrahigh volumetric capacitance of 
400 F cm−3 at 2 mV s−1 in 6 m KOH versus Hg/HgO. In addi-
tion, electric field-induced continuous diffusion of polarized 
electrolyte ions into the dense network results in 104% cycle 
stability after 10 000 charge–discharge cycles at 200 mV s−1.[223] 
Thus, selecting and controlling the amount of the functional 
groups in the carbon matrix is important to obtain high-per-
formance supercapacitor electrodes. The critical discussion of 
the roles of each specific oxygen functional group in the charge 
storage properties of doped nanocarbons is therefore an urgent 
need of the hour.

4.8.3. Role of O-Functionalities

The possible configurations of oxygen bonding with carbon 
are shown in Figure  15A. Among the oxygen functional 

Figure 16. Supercapacitor performance of O-functionalized nanocarbons. A) Pseudocapacitive contribution with respect to the oxidation level of gra-
phene frameworks with tunable C/O Ratios. Reproduced with permission.[224] Copyright 2013, Wiley-VCH. B) Schematic of thermally reduced graphene 
and its specific capacitance. Reproduced with permission.[222] Copyright 2017, Elsevier. C) Plot of physicochemical properties of graphene oxide versus 
annealing temperature. Reproduced with permission.[165] Copyright 2014, The Royal Society of Chemistry. D) Schematic of supercapacitive properties 
of carbon nanostructure with in-plane cyclic ether group and out-of-plane oxygen functional group. Reproduced with permission.[210] Copyright 2019, 
American Chemical Society.
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group, the carboxyl, anhydride and lactone groups evolve CO2 
as confirmed by the temperature-programmed desorption 
study.[225] Meanwhile, CO evolves from hydroxyl, carbonyl and 
quinone groups. Out of them, CO-type oxygen group contrib-
uted positively to the pseudocapacitance of porous carbon 
which is validated by thorough investigations on a variety of 
activated carbons.[214] Most importantly, a linear correlation is 
established between the specific capacitance (capacitance in  
F g−1 divided by BET surface area) of porous carbons with the 
amount of CO-type surface functional groups.[214] One can 
estimate the pseudocapacitive contribution from each spe-
cific oxygen containing functional group.[49,226] The quinone 
groups can provide two times higher capacitance than the 
other groups in an acidic electrolyte medium since two elec-
trons per one quinone group take part in one redox reaction 
(Equation (18)).[49] On the other hand, the carboxylic groups 
(COOH) on the carbon surface are thermally unstable, non-
reversible with time and are hence nonpreferable compared 
to the phenol (COH) and quinone (CO) groups. The 
unstable oxygen functional groups are eliminated from rGO 
by thermal treatment. As a result, rGO displays a higher 
cycle stability in KOH medium in a 3E system. These fea-
tures can be attributed to the higher amount of unstable 
functional groups in GO reduced at 250  °C.[227] Therefore, 
carbon surface with the higher concentration of COH and 
CO groups is highly desirable to make the carbon sur-
face hydrophilic and to provide pseudocapacitance. In this 
context, in situ oxygen plasma functionalization treatment 
immediately after the growth of vertical graphene has been 
found to be more effective than the ex situ one. The presence 
of these hydroxyl and carbonyl type functional groups can 
be increased by increasing the plasma power.[228] Although 
oxygen plasma functionalization does not alter the geometry, 
the etching of sp2-C, sp3-C, and amorphous-C at a different 
rate is observed and results in the reduction of the vertical 
graphenes height.[228] On the contrary, edge-carboxylated 
graphene nanoplatelets have been shown as a promising 
supercapacitor electrode in 1 m H2SO4 electrolytes.[229] More-
over, the presence of COOH-groups on GO promotes the 
N-doping, pyrrolic-N, and pyridinic-N formation compared 
to the pristine GO.[230] We can thus conclude that particular 
oxygen configurations are preferential to obtain high-per-
formance carbon-based energy electrodes,[165,222,224] despite 
some controversy among the available reports. Besides, 
oxygen functional groups immobilized on the micropores 
improve the pseudocapacitive contribution more effectively 
than the same groups tethered on the planar carbon sur-
face.[231] Caution should be exercised when using out-of-plane 
oxygen functional groups as they have several flaws causing 
limited charge accessibility and retention.

Not surprisingly, in-plane cyclic ether group (COC) in gra-
phene matrix have been found to be beneficial for this purpose 
(Figure 16D). It has been shown that the thermal oxidation in 
air is preferential than the electrochemical oxidation of carbon 
fiber paper to obtain in-plane cyclic ether group in the graphene 
matrix.[210] Therefore, thermal oxidation of the doped nano-
carbon is recommended to obtain the structure with stabilized 
oxygen functional groups and restored sp2 hybridized graphitic 
network.

4.8.4. Effect of Electrolyte

Along with the oxygen concentration and specific configuration, 
the electrolyte medium has a significant role in defining the 
charge-storage properties of an electrode. The pseudocapacitive 
contribution from the oxygen functional group is found 
to be higher in the acidic medium compared to the basic 
medium.[232] In particular, 30% capacitance loss for the carbon 
cloth has been observed by changing pH from 0 (H2SO4) to 
11 (NaOH). On the other hand, pyrone and other unknown 
species have been found to activate the charge-storage beyond  
pH 11 which results in the 20% higher specific capacitance of 
the electrode. Initial loss in capacitance while changing pH 
from 0 to 3 has been attributed to the low activity of quinone 
functionalities in redox reactions without sufficient H+ within 
the pores of the carbon surface.[233] Surprisingly, no redox peaks 
appear in cyclic voltammogram when the electrode is tested 
in an alkaline medium.[233] This is why researchers should 
pay attention to pH of electrolyte based on the dominant and 
stabilized O-functionalities present in the structures to obtain 
the best charge storage performance from the optimum elec-
trode–electrolyte combination.

Recent research suggests that the pseudocapacitive contribu-
tion of O-functional groups in alkaline medium can be attrib-
uted to the insertion and desertion of hydrated ions into and 
out of the pores.[218] In the study of rGO in different aqueous 
electrolyte, a flat roundish shape of redox peaks has been noticed 
in 6 m KOH whereas a prominent redox peak is obtained in 1 m 
H2SO4.[49] Moreover, rGO in KOH electrolyte exhibits higher 
gravimetric capacitance (220 F g−1 at 5 mV s−1 in 3E) and better 
stability of 92% after 1000 charge–discharge cycles compared to 
H2SO4 electrolyte (171 F g−1 with retention of 54%). On the con-
trary, the pseudocapacitance of carbon materials in KOH elec-
trolyte reduces continuously for the larger number of cycles.[234] 
The underlying observation is that unstable carboxyl groups 
are neutralized and reduced during charge–discharge while the 
electrodes are subjected to KOH medium.[227] It has also been 
reported that the acidic sites (carboxyl, phenol) on nanocarbon 
surface play a dominant role and react with OH− ions in alka-
line medium (Equations (15) and (16)) while the basic sites are 
unfavorable for the redox reactions[49,227]

On the other hand, O-functionalized nanocarbons show 
better supercapacitive performance in H2SO4 medium due to 
the higher ionic mobility and better accessibility of the surface 
by smaller ions.[216] Meanwhile, the basic functional groups 
(carbonyl and quinone) present on the nanocarbons react with 
protons contributing pseudocapacitance in acidic aqueous elec-
trolyte.[49] Eventually, the use of acidic electrolytes enhances the 
hydrogen evolution at the anode and also induces the oxygen 
functional groups in the carbon matrix.[159] The redox reactions 
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of carbonyl and quinone group in H2SO4 electrolyte are as 
follows

In summary, O-functionalization is one of the most estab-
lished techniques to improve the interaction of carbon elec-
trodes with the electrolyte. The choice of a suitable aqueous 
electrolyte based on the dominant functional group present on 
the carbon matrix is necessary since redox reactions are very 
different between the functional groups and electrolyte ions. In 
spite of the commonly acknowledged success, O-functionalized 
carbon structures have several shortcomings like distributed 
capacitance effect, higher potential drop, high leakage current, 
lower surface conductivity, hindered electrolyte ion migration 
to micropores, and electrolyte decomposition.[210,218,225,235,236] In 
addition, corrosive oxidation can severely damage the carbon 
basal planes, creates a high level of chemical and topological 
defects and eventually results in deteriorated supercapacitor 
performance.[229] As a result, poor rate performance and cycle 
life are frequently reported from the O-functionalized nano-
carbon electrodes. This is why researchers sometimes intention-
ally remove oxygen functional groups from the carbon surface 
to obtain better performance as a supercapacitor electrode.[237]

4.9. Doped and Defected Nanocarbons

Moreover, the presence of defects in nanocarbons obviously 
enhances the total electrode capacitance.[238,239] The types of 
defects induced in the structure are defined by the specific 
materials and dopants. For example, small pores contribute 
more edge-site defects than in-plane defects.[240] It has been 
already seen that vertical graphenes with higher edge density 
and vacancy-like defects are better suited as supercapacitor elec-
trodes compared to their planar counterpart.[238] Moreover, intro-
duction of high-density defects in vertical graphene improves 
the wettability and hence charge-storage performances.[241]

In addition, quantum capacitance of the electrode materials 
can be tailored by introducing specific defects in the struc-
ture. In particular, the calculated maximum quantum capaci-
tances of vacancy defected graphene and stone-wall defected 
graphene are found to be 120.72 and 44.38 µF cm−2, respec-
tively. The quantum capacitance can be enhanced further for 
the graphene with coexistence of both defects and dopants.[242] 
Si-doped vacancy defected graphene provides the higher max-
imum quantum capacitance of 169.76 µF cm−2 than other gra-
phenes with defects created by other (B, N, P, and S) dopants.[242] 
On the other hand, S-doped stone-wall defected graphene  
(88.31 µF cm−2) shows higher maximum capacitance than the 
other dopants (B, N, P, and Si) stone-wall defected graphenes.[242] 
It can thus be concluded that the density of states and hence the 
quantum capacitance of doped nanocarbons can be maximized 

by choosing the proper combination of dopants with the opti-
mized concentrations and defects. It has also been seen from 
DFT computations that the vacancy formation and substitutional 
doping enhance the reactive sites at the basal planes of graphene 
which attracts OH functional groups.[243] This is why O-functional 
groups have been reported for most of the doped nanocarbons 
and typically increase with the dopant concentrations.

5. Codoping

Table 1 highlights the changes in physicochemical features and 
its consequences on the capacitive properties in different elec-
trolyte medium with respect to the corresponding pristine coun-
terpart. Meanwhile, one dopant can be superior over the other 
one in one set of physicochemical properties and the other way 
around in another set. For example, the wettability is found to be 
better for N-doped nanocarbons compared to B-doped ones.[41] 
From the theoretical study, it is found that the 0.5e charge 
transfer from Si to graphene and 0.4e charge transfer to N.[97] The 
quantum capacitance of N-doped graphene (256.420 µF cm−2) 
is found to be higher theoretically than the B-doped graphene 
(60.847 µF cm−2) and Si-doped graphene (174.825 µF cm−2).[97] 
The N-doped nanocarbons show higher gravimetric and volu-
metric capacitance, P-doped nanocarbons are capable to operate 
in a wider potential window in aqueous electrolyte, O-function-
alities on the nanocarbon surface promote the electrode–elec-
trolyte interaction, halogen-doped nanocarbons are remarkable 
in terms of capacitance retention and structural improvements, 
and so on. The capacitance of doped nanocarbons is found to be 
depend on the electron affinity and electronegativity of dopants 
and carbons via the following relation

descriptor,
electronegativity electron affinity

electronegativity electron affinity
dopant

carbon

( )
( )∅ =

×

×
 (22)

It is predicted that the value of ∅ should be between 0.5 and 
2 in order to obtain the higher capacitance and energy density 
(Figure  17A).[244] First principle calculations using DFT prove 
that the adsorption energy of B/N/P-doped rGO hydrogel with 
EMIMBF4 and H2SO4 is higher compared to their mono-doped 
and pristine counterparts.[245] The higher gravimetric capaci-
tance of 525 F g−1 at 1 A g−1, good rate performance, and charge 
transfer kinetics are noticeable for the N/P/S-self-doped hier-
archically porous carbon in H2SO4 versus Ag/AgCl than the 
activated carbons (BET surface area is 1484 m2 g−1).[246] These 
results pushed the recent research toward codoping into the 
carbon matrix to achieve the overall positive effects of indi-
vidual dopants (Figure 17B–F and Figure 18).[103] As-engineered 
codoped nanocarbons have striking properties such as more 
active sites, hydrophilicity, increased surface area with balanced 
micro-meso-macropores, excellent structural stability, enhanced 
DOS(EF), improved electronic conductivity, enhanced charge-
transfer kinetics, better electrode–electrolyte interactions which 
enhance the total capacitance via quantum capacitance and 
pseudocapacitive contributions.[215,245–249]

The codoping into nanocarbons can be classified into two 
categories: i) dopants with the same charge carriers (n-types 
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or p-types) and ii) dopants with the opposite charge carriers 
(n-types and p-types). The following subsections cover the 
effects of codoping (binary, ternary, etc.) on the supercapacitor 
performance of nanocarbons.

5.1. Dopants with the Same Charge Carriers

5.1.1. N/S Codoping

The dopants with the same charge carriers are found to be 
promising in terms of physicochemical properties of nanocar-
bons since electronegative S and N atoms, for example, possess 
outer shell p orbitals and similar electronic structure. Coordi-
nated effect via indirect bonding between N and S-dopants and 
N···HS bond or NH···S bond formations enhance the 
doping level and improve pseudocapacitance of N/S codoped 
porous ultrathin carbon.[250]

As an example of superior nanocarbon-based supercapac-
itor electrode with both dopants, the N/S codoped graphene 
nanoribbons (GNR) exhibit higher gravimetric capacitance 
of 442 F g−1 at 0.5 A g−1 in 1 m Na2SO4 (3E) than the N-doped 
GNR (289 F g−1), S-doped GNR (227 F g−1) and pristine GNR 
(91 F g−1).[80] Simultaneous N/S doping promotes the pore uti-
lization in the carbon structures for better EDL formation by 

replacing O-functionalities from the carbon matrix.[251] An 
enhanced electrical conductivity and higher contact area with 
narrow pore size distributions are attributed to the efficient 
electron transport, high gravimetric and volumetric capacitance 
and energy density of rGO scrolls after N-incorporation and 
thiofunctionalization.[252] It is important to note that the rate 
capability of N/S codoped ordered mesoporous carbon can be 
improved by increasing the S-content and reducing the pyr-
idine-N content.[139] In addition to the pseudocapacitance, the 
quantum capacitance of the codoped nanocarbons also relies 
on the relative ratio of dopants. In fact, the highest quantum 
capacitance is obtained for N/S codoped graphene with N to S 
ratio of 1:2 since the Fermi level is shifted toward the conduc-
tion band, whereas it is shifted toward the valence band when 
only nitrogen is doped.[253]

5.1.2. P/N Codoping

The P/N codoped carbon (PNDC) with the optimized phys-
icochemical properties, prepared by microwave-assisted tech-
nique with different amount of ammonium polyphosphate, 
is observed to exhibit excellent electrochemical properties 
in the both acidic and basic aqueous electrolyte (Table  1).[102] 
PNDC with lower BET surface area, pore volume and 

Figure 17. Codoped nanocarbons. A) Plot of normalized capacitance with respect to the descriptor; B) minimum Gibbs free energy of dopant(s); C) plot 
of normalized capacitance versus minimum adsorption energy of doped nanocarbons in various aqueous electrolytes. Reproduced with permission.[244] 
Copyright 2020, Elsevier. D–F) Electron micrograph hierarchical porous N/O/S-enriched carbon foam (KNOSC) showing mesoporous channels and 
well-distributed heteroatom dopants. Reproduced with permission.[215] Copyright 2019, Wiley-VCH.
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O-content shows higher gravimetric capacitance in 6 m KOH  
(270 F g−1 vs Hg/HgO) whereas, PNDC with higher BET sur-
face area, pore volume and O-content outperform in 1 m H2SO4 
(286 F g−1 vs Ag/AgCl). As the ammonium polyphosphate con-
tent is increased during the synthesis, the observable changes 
in the as-synthesized codoped carbons are i) increased the 
BET surface area and average pore volume and ii) increased 
O-content and decreased C-content while N- and P-contents 
remain unchanged. In addition, the simultaneous doping of 
nitrogen and phosphorous are found to promote the CO and 
PO double bonds and pyrrolic nitrogen sites which is seen 
to have a positive effect on capacitive properties. On the other 
hand, P/N codoping suppresses the COOH group in the carbon 

matrix, which otherwise has a negative effect on the capacitive 
properties of doped nanocarbons.[254]

5.2. Dopants with Opposite Charge Carriers

Dopants with the opposite charge carriers are also found to 
enhance the charge storage properties of nanocarbons. The 
doping concentration is found to be higher for the simul-
taneous doping of n-type and p-type carriers since elec-
tron-deficient holes nearby carbon atoms combine with 
electron-donating atoms.[255] In addition, the charge effectively 
redistributes to reduce the bandgap of the electrode material 

Figure 18. Adsorption energy and capacitive features of doped nanocarbons. Ab initio calculated structures and energies of H2SO4 adsorption on the 
doped holey rGO hydrogels (B, N, BN, NP, and BNP) and their supercapacitive performances. Reproduced with permission.[245] Copyright, 2018, Elsevier.
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in this context.[116] Codoping with the opposite charge carriers 
does not merely improve the specific capacitance, even though 
the lowest charge-transfer resistance and Warburg impedance 
have been seen for the B/N codoped rGO in 6 m KOH elec-
trolyte, compared to the rGO electrode doped with two types 
of carriers separately.[255] Consequently, a higher volumetric 
capacitance of B/N-doped rGO films (488 F cm−3 at 10 mV s−1 
in PVA–H2SO4) has been obtained than that of mono-doped 
(N-rGO: 425 F cm−3) and pristine (245 F cm−3) counterparts.[256] 
Quantitatively, the increased EDLC contributions are estimated 
to be 2.9% for B-doped porous carbon-tube bundles (PCTB) and 
8.6% for B/N-doped PCTB (B/N-PCTB) whereas the increased 
pseudocapacitive contributions are 7.7%, 15.3%, and 17.5% for 
N-PCTB, B-PCTB, and B/N-PCTB, respectively, compared to 
the pristine counterparts in similar testing conditions.[257] This 
fact reveals that the codoping not only enhances the pseudo-
capacitance but also improves the EDL capacitance of codoped 
nanocarbons compared to the single-doped nanocarbons.

It is important to note for the case of B/N codoping that the 
BN bond formation can take place along with BC and BO 
bonds and found to enhance the charge-storage properties.[258] 
Along with the synergistic effect of charge distribution, redox 
reactions due to B-C, pyridinic-N, and pyrrolic-N, improved 
wettability and structural integrity, the C–N–B link formation 
leads to the increased pseudocapacitance of codoped nanocar-
bons.[259] The content of B-N and N-6, BET surface area and 
pore volume are observed to increase with the dopant concen-
tration in B/N codoped graphene-like carbon.[258] Simultaneous 
doping with the opposite charge carriers also produces surface 
defects on carbon surface which in turn increases the O-content 
due to the moisture and CO2 adsorption.[106] As a result, super-
capacitive properties of the electrode are enhanced with the 
gravimetric capacitance of 389 F g−1 at a scan rate of 5 mV s−1 
in 6 m KOH electrolyte, 68.6% retention at 1  V s−1, 93% elec-
trochemical stability after 20  000 charge–discharge cycles and 
excellent charge-transfer kinetics (2E).[258]

5.3. Choice of Appropriate Dopant Combination

Among the codoping combinations, N/F/B-doped porous 
carbon shows higher gravimetric capacitance in both acidic and 
alkaline aqueous electrolytes compared to N/S/B-doped, single-
doped and other codoped porous carbons.[171] With the higher 
gravimetric capacitance, good rate capability and excellent 
electrochemical stability, the N/F/B-doped porous carbon also 
ensures excellent electrolyte ion accessibility as evidenced from 
the impedance spectra. The better supercapacitor performance 
of N/F/B-doped porous carbon is attributed to the enhanced i) 
conductivity due to N and F-doping, ii) redox reactions due to 
B-configurations and O-functionalities, and iii) wettability due 
to N, F, and B–O related configurations. On the other hand, 
insufficient N-content yields lower gravimetric capacitance of 
N/S/B doped porous carbon.[171]

As in the previous cases, the appropriate choice of dopant 
combinations may help boost the quantum capacitance. For 
instance, the quantum capacitance for the N–S–P atomistic 
model is found to be higher due to five outer electrons of phos-
phorous in comparison to N–S–B and N–S–Al atomistic model 

since both boron and aluminium have fewer outer electrons 
than phosphorus.[253] The above investigations,[171,253] indicate 
that the simultaneous doping of N, S, and B elements into 
nanocarbons may not be the most effective way to obtain high-
performance doped nanocarbon-based supercapacitor elec-
trodes, and better understanding of the underlying processes 
is warranted.

5.4. Porosity and Surface Area

N/P/Si-doped carbon with the higher surface area and suit-
able dopant contents shows higher gravimetric capacitance in 
6 m KOH electrolyte.[172] This implies that ions easily access 
the pores of N/P/Si-doped carbon in KOH. On the other hand, 
N/P/Si-doped carbon with the relatively lower surface area and 
higher dopant content exhibits higher gravimetric capacitance 
in H2SO4 electrolyte.[172] This fact reveals that the redox reac-
tions and hence pseudocapacitive contributions from the func-
tional groups are more prominent in acidic electrolytes such 
as H2SO4. On the other hand, Si/P codoped carbon with high 
surface area, meso–micro–macro pores and enriched dopants 
(Si, P, and O) exhibits higher gravimetric capacitance and 
good charge-storage kinetics both in H2SO4 and KOH electro-
lytes compared to other Si/P codoped carbons.[169] Thus one 
should chose the suitable electrolyte depending on the porosity 
and surface area of doped nanocarbons. We stress that high 
surface area, large pore volume, and well balanced micro-
mesopores along with the dopants are critical to improve the 
electrode–electrolyte interactions and hence to achieve better 
performance in terms of gravimetric capacitance, quantum 
capacitance, pseudocapacitance, rate performance, and cycle 
stability.[97,260–264]

5.5. Codoping with O-Functionalities

Controlling the O-functionalization and associated surface 
features may improve the electrochemical performances. 
The symmetric device of KOH-activated hierarchical porous 
N/O/S-enriched carbon foam in 1 m Na2SO4 electrolyte 
leading to an improved energy density of 39.8  Wh kg−1 at a 
power density of 900 W kg−1.[215] Due to the synergistic effect 
of multidopants, the high-density N/P-doped and O-function-
alized porous carbon exhibits high volumetric capacitance of 
925 F cm−3 in 0.5 m H2SO4 (434.7 F g−1 at 0.1 A g−1 vs Ag/AgCl) 
and 760 F cm−3 in 6 m KOH (356.9 at 1 A g−1 vs Hg/HgO, 
629 F cm−3 and 295.2 F g−1 in 2E).[265] The enhanced perfor-
mances of N/P-doped and O-functionalized activated carbon 
are attributed to the PN and PC bond formation.[266] It is 
important to note that the capacitance retention of N/P-doped 
and O-functionalized activated carbons is found to enhance 
with the decrease in pyrophosphate content and the improve-
ment in the heterogeneity of the carbon surface.[266] Extending 
potential window up to 1.5 from 1  V in H2SO4 electrolyte 
results in better electrochemical stability, higher charge-storage 
capacity and 2.2 times higher energy density of P/N-doped and 
O-functionalized core-shell carbon spheres based supercapac-
itor device potential window in the same electrolyte.[267] The 
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N/P-doped and O-functionalized porous carbon also shows its 
ability to operate in the potential window up to 1.5 V in KOH 
electrolyte versus Hg/HgO which leads to a higher volumetric 
energy density and competitive performance compared with 
some Ni-metal hydride cells.[265]

5.6. Limitations

We would like to emphasize that codoping can also have a nega-
tive impact on the physicochemical properties and hence super-
capacitor performances unless i) the right choice of dopants and 
their combination with appropriate stoichiometry is made and 
ii) the relative ratio of dopants and/or atomic bonding configu-
rations are optimized. For example, S-doping into the N-doped 
porous carbon is seen to increase the water contact angle 
whereas B-doping into N/S-doped porous carbon is observed 
to lower the electrical conductivity and increase the charge-
transfer resistance while the electrode material is subjected to 
the electrolyte medium.[171] N-doping into the edge-carboxylated 
graphene nanoplatelets increases the structural defects from 
16.2% to 48.9% which severely affects the electroactive surface 
area and electrical conductivity.[229] As a result, gravimetric 
capacitance decreases from 365.72 to 175.05 F g−1 at 1 A g−1 
after doping.[229] Moreover, the GO–OOH–N exhibits poor rate 
capability and stability than the GO-N in spite of their higher 
capacitance initially in 6 m KOH versus SCE.[230]

In the case of multidoping, the stronger interaction between 
the coadatoms or codopants sometimes lead to unstable 
adsorption of dopants on the graphene surface once the struc-
ture is doped beyond certain concentrations.[182] As a result, 
monodoped nanocarbons performed sometimes better than 
the codoped nanocarbons.[42] A similar observation has been 

reported for mono- and codoped hybrid nanocarbon mate-
rials.[75] Generalizing the analysis in this section, we stress that 
extra caution should be paid for codoped nanocarbons to proper 
selection of doping environment and suitable aqueous elec-
trolyte to further explore them as a high-performance energy 
storage electrodes.

6. Influence of Nonaqueous Electrolytes

When enhancing the energy density is concerned, the organic 
or ionic electrolyte may also be the choice of electrolyte to 
enhance wettability, electrode/electrolyte interactions and 
potential window. Wettability of the electrode can be improved 
by using organic electrolyte further with S-content. The contact 
angle of S-rich carbon cryogel electrode in an organic electrolyte 
is improved from 42.6° (±1.4°) to 15.5° (±1.1°) with the increase 
of S-content from 0.5% to 2.5%.[162] Better wettability and effi-
cient electrode–electrolyte interactions leads to the better acces-
sibility of the pores by electrolyte ions which are preferable to 
enhance the energy and power density of device.

It is noteworthy to mention that the pseudocapaci-
tive effect of doping does not show significant effects in 
organic or ionic electrolyte.[89,268] Hence, the total capaci-
tance of doped nanocarbons in organic or ionic electrolyte 
is mostly found to be lower than that in aqueous electro-
lyte (Figure  19A–C).[67,112,153,263] Although EDL features have 
been seen, 3D porous carbon nanosheets with N-doping and 
O-functionalization deliver higher gravimetric capacitance of 
421 F g−1 at 1 A g−1, 80% capacitance retention at 50 A g−1 and 
faster electrolyte penetration than those of thermally treated 
GO in 3-E configuration.[269] Surprisingly, N-doped graphene 
shows higher gravimetric capacitance in 1 m BMIMBF4/AN 

Figure 19. Influence of electrolytes. Supercapacitive properties of A–C) carboxylate-modified hollow carbon nanospheres with its supercapacitor 
performance in the various electrolytes. Reproduced with permission.[271] Copyright 2017, Elsevier; and D–F) P-doped nanocarbons in TEABF4/PC. 
Reproduced with permission.[177] Copyright 2019, Elsevier.
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(631 F g−1 at 5 mV s−1 within 3 V potential window) than that 
in 1 m H2SO4 (348 F g−1 at 5 mV s−1 within 1 V) with respect 
to the corresponding reference electrode.[270] In the case of 
N-doped and O-functionalized nanocarbons, the change in 
adsorption energy of TEA+ before and after NH4

+ adsorption 
on 3D porous carbon nanosheets with N and O-doping (inter-
layer spacing of 0.419  nm) was negative, which reveals the 
stable adsorption of electrolyte ions and hence the enhanced 
capacity. Whereas, rGO with an interlayer spacing of 0.391 nm 
shows the positive change in adsorption energy which indi-
cates an endothermic process and hence unstable TEA+ 
adsorption.[269]

Regarding the extended potential window of the device, one 
should be extremely careful to identify the voltage threshold 
when the cycle stability is maintained. For example, although the 
potential window of P-doped carbon electrodes in organic elec-
trolyte is extended up to 3.3 V, the cycle stability of the electrode 
in 3.3 V is not promising as the electrode performed within the 
2.7 V window (Figure 19D–F).[177] The highest potential window 
of 4  V has been achieved with asymmetric EDLC device with 
vertical graphene and N-doped vertical graphene nanostructures 
in TEABF4/PC electrolyte.[272] The redox reactions in an organic 
electrolyte (TEABF4/PC) are proposed as follows[273]

C PH : C H N C PH C H N2 2 5 4 2 2 5 4( ) ( )− − + ↔ − − −+ +  (23)

C PH : C H N C PH C H N2 5 4 2 5 4( ) ( )− − + ↔ − − −+ +  (24)

C P : C H N C P C H N2 5 4 2 5 4( ) ( )− ≡ + ↔ − ≡ −+ +  (25)

Doped nanocarbons are also tested in various ionic elec-
trolytes namely, 1-ethyl-3-methyl imidazolium tetrafluor-
oborate (EMIMBF4), 1-butyl-3-methylimidazolium phosphate 
(BMIMPO4) and 1-butyl-4-methyl pyridinium tetrafluorobo-
rate (BMPyPBF4). We can see that the higher energy density 
of B-doped RGO in EMIMBF4 compared to other ionic elec-
trolytes can likely be attributed to the low viscosity, high ionic 
conductivity, and relatively lower cation size.[112] As-fabricated 
symmetric cell of carboxylate-modified hollow carbon nano-
spheres exhibits higher energy and power densities in an ionic 
electrolyte although the electrode showed higher capacitance 
in H2SO4 electrolyte (Figure  19A–C).[271] The stable operating 
potential window of 3.5 V is obtained using EMIMBF4-ionogel 
for the N/S-doped and O-functionalized carbon-based 
symmetric device in order to drastically increase the energy 
density. The solid-state device also exhibited excellent flexibility 
under various bending angles and electrochemical stability over 
charge–discharge cycles.[72]

Not only the specific capacitance and voltage window seen to 
be enhanced in the higher potential window, the P-doped carbon 
electrode also shows the lowest leakage current (<1.2 µA) in 
TEABF4 electrolyte.[174] The lower leakage current of 0.009 mA for 
P-doped rGO after 2.5 h of testing and higher voltage of 0.5146 V 
after experiencing 6.5 h of open-circuit conditions compared to 
undoped rGO (0.1 mA and 0.1615 V) are certainly a proof of the 
positive effect of P-doping.[166] A higher stabilizing effect and 
lowest leakage current have also been exhibited by N-doped acti-

vated carbon fiber in organic electrolyte compared to bare carbon 
nanofiber.[274] This effect can be attributed to the presence of pos-
itively charged pyrrole and/or pyridone N-groups.

The use of nonaqueous electrolytes has several shortcomings 
in terms of safety, toxicity, decomposition, moisture-sensitivity, 
cost, etc. In addition, for example, edge-functionalized oxygen 
groups showed poor electrochemical stability and capacitive per-
formance of the carbon nanostructures in the organic medium 
due to pore blockage of material and separator by the evolved 
gas.[235] Another acknowledged flaw of oxygenated carbon com-
posites in the organic electrolyte is irreversible redox reactions 
between the organic electrolyte and oxygen.[275] However, one 
should beware of the recurring problem of organic electrolyte 
decomposition for N-doped nanocarbons due to the amine 
group through the nucleophilic attack.

7. Key Features and Guidelines

The key features of the effects of dopants on the physico-
chemical properties of nanocarbons are presented in Figure 2 
whereas the supercapacitor performance is summarized in 
Tables  1 and  2. The Ragone plot of doped nanocarbon based 
symmetric supercapacitor devices is shown in Figure  20 and 
found to be on the par with the existing advanced energy 
storage materials.[276–278] We have excluded the data of energy 
density and power density calculated from 3E test in Figure 20 
since they do not add to the discussion.

While tabulating the results of electrochemical performances 
of electrode materials (Tables  1 and  2), we have found many 
missing electrochemical parameters in the published articles. 
Readers are encouraged to follow the general guidelines for 
supercapacitor research, such as reporting normalized capaci-
tance minimum at the scan rate of 10  mV s−1 or the current 
density of 2 A g−1, providing information on Self-discharge or 
leakage current, from relevant references.[47,90,285–288] Below we 
formulate and refine the following general guidelines related 
to the supercapacitor research involving doping processes in 
electrode preparation.

1. Doping content: It has been seen that the normalized 
capacitance does not necessarily increase with the doping 
concentration. Since the codoping often has a synergistic 
effect, doping with more than one dopant tends to enhance 
the electrochemical performance, yet increases the overall 
doping concentration. We emphasize that the concentration 
of foreign atoms in the base matrix beyond a certain thresh-
old should not be considered as doping. Moreover, capacitive 
features such as reversible capacitance, rate performance, 
capacity retention of doped nanocarbons may deteriorate 
beyond a certain doping level.[289] As defined, the content 
of dopant in the matrix should be minimum and within a 
certain limit (e.g., typically around 5 at. %).

2. Balance between capacitive contributions: Since the total 
capacitance is a combination of EDLC, pseudocapaci-
tance and quantum capacitance, one should strike a bal-
ance between them to obtain the higher capacitance, rate 
performance, cycle stability, and improve other capacitive 
features.
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3. Choice of aqueous electrolyte: Choice of proper aqueous electro-
lyte is crucial since the doping configurations behave differ-
ently in acidic and basic media. Noteworthy, the pseudocapac-
itive contribution of heteroatom-enriched nanoporous carbon 
depends on the voltage range applied to aqueous electrolyte 
containing alkali cation charge carriers.[283] The potential win-
dow of the aqueous-based symmetric device in KOH, H2SO4, 
and Na2SO4 electrolytes is typically 1–1.4, 1–1.9, and 1.6–2.6 V, 
respectively (Table 2). Besides, almost rectangular cyclic vol-
tammogram with the lower area under the curve is observed 
for doped nanocarbons in neutral electrolyte and hence bet-
ter rate performance is obvious, whereas voltammogram 
with the higher area under the curve and distinct redox peaks 
testifies to the pronounced and higher pseudocapacitive ef-
fects in H2SO4 and KOH electrolytes along with the EDLC 
contribution.[118,216] Surprisingly, the higher gravimetric ca-
pacitance of doped nanocarbons is observed in Na2SO4 than 
in H2SO4.[150,159,163] Moreover, it has been seen in a few reports 
that the charge-storage performance of doped nanocarbons 
is explored either in an acidic or basic aqueous electrolyte 
with respect to the reference electrode while the device per-
formance is demonstrated in a neutral electrolyte.[86,215,280,281] 

The use of pH-neutral electrolyte along with the doped nano-
carbons allows operation within the relatively higher potential 
window (≥2 V) and this behavior is ascribed to the high over-
potential for hydrogen evolution (0.6 V).[280,290] We emphasize 
that the charge-storage performance of doped nanocarbons 
in a neutral electrolyte is important to validate the pseudoca-
pacitive contribution by the dopants. In addition, one needs 
to maintain the molar concentration of electrolytes where 
comparison on the performance of the electrode has been 
discussed, since molar concentration has a significant impact 
on the supercapacitive performance.[291]

4. Asymmetric supercapacitor: To enhance the potential window 
of device operation and hence the energy density, asym-
metric supercapacitor fabrication is a promising solution. 
F-doping and N-doping of negative and positive electrodes, 
respectively, is predicted as a highly promising combination 
for the development of doped nanocarbon-based next-gen-
eration asymmetric aqueous supercapacitors.[193] N-doped 
and S-doped nanocarbons can be used as a negative elec-
trode.[150,292] B-doped nanocarbons also could be effective 
for asymmetric supercapacitor whereas P-doped CNTs are 
better suited for symmetric supercapacitors.[173] Although 

Figure 20. Ragone plot of doped nanocarbon-based supercapacitor device. A) Gravimetric and B) Volumetric Ragone plot of doped nanocarbon-based 
symmetric supercapacitor at a gravimetric/volumetric power density in comparison with existing energy storage devices. Each letter(s) with black circle 
represents the data of doped nanocarbons based supercapacitors. a) B-doped rGO,[120] b) B/N codoped porous carbon,[117] c) O-rich hierarchical porous 
carbon,[279] d) N-doped porous nanosheet carbon,[280] e) P-doped hierarchical porous carbon aerogel,[178] f) B/N codoped porous carbon nanowire,[118] 
g) N/O/P-doped porous carbon,[281] h) N/O codoped honeycomb porous carbon,[263] i) porous carbon layer/graphene hybrids containing N and O,[282]  
j) F-rich nanoporous carbon,[71] k) O/N/S-tridoped carbon,[72] l) N-doped multiscale porous carbon,[78] m) N/O-3D porous carbon nanosheets,[269] 
n:N/P/S self-doped porous carbon,[246] o) N/S-GNR,[80] p) N/P/O-doped porous carbon,[265] q) N-rGO,[89] r) S-doped mesoporous AC,[155] s) P-doped 
rGO,[77] t) S-doped carbon nano-onions,[150] u) P-doped porous carbon,[174] v) Passivated P-doped RGO,[166] w) N-doped rGO,[131] x) SN-rGO,[261] 
y) N-doped rGO aerogel coated on carboxyl-modified carbon fiber paper,[67] z) N/O-enriched nanoporous carbon,[283] aa) N/S-codoped graphene 
hydrogel,[143] ab) N-rich carbon nanorod arrays,[68] ac) N/S-rGO hydrogel,[250] ad) P-ErGO,[184] ae) carboxylate-modified hollow carbon nanospheres,[271] 
af) N/S-enriched porous carbon,[251] ag) hierarchical porous N/O/S-enriched carbon foam,[215] ah) Rich S-doped porous carbon,[152] ai) N-doped 
mesoporous carbon,[66] aj) S-doped porous carbon,[152] ak) BNP-holey graphene hydrogel,[245] al) N-doped microporous carbon microspheres,[268] am) 
hemispherical N-doped carbon spheres,[84] an) N-incorporated thiol-functionalized rGO scrolls,[252] ao) N-doped hierarchical porous carbon,[85] ap) 
functional pillared graphene frameworks,[223] aq) P-modified porous carbon aerogel microspheres,[177] ar) B/N-doped porous carbon-tube bundles,[257] 
as) fluorinated AC,[190] at) N-doped CNT,[144] au) ordered mesoporous few layer carbon-N[66] (some data are extracted and/or calculated data from the 
corresponding figure of cited reference and volumetric energy/power density of device is either calculated multiplying gravimetric counterpart with the 
packing density of materials or simply converting cm3 unit to liter unit).
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Table 2. Supercapacitor performances of heteroatom doped nanocarbons compared to their pristine counterpart in various electrolytes (HPC: hier-
archical porous carbon; activated carbon: AC; NW: nanowires; CF: carbon fiber, 3E: 3-electrode, 2E: 2-electrode), and versus the reversible hydrogen 
electrode (RHE), saturated calomel electrode (SCE).

Ref. Nanocarbons Mass loading Specific 
capacitance [F g−1]

Potential window/voltage, 
electrolyte, reference electrode

Rate performance [%], 
current density/scan rate

Cap. retention [%], 
CD cycles, current 
density/scan rate

ESR or charge-
transfer resistance [Ω]

[112] rGO 3 mg cm−2 170, 1 A g−1 −0.9 to 0.1 V, 20% KOH, Hg/HgO 72.35, 10 A g−1 – 1.2

B-rGO by super-
critical fluid

286, 1 A g−1 69.93, 10 A g−1 – 0.8

B-rGO by 
hydrothermal

142, 1 A g−1 77.46, 10 A g−1 – 3

B-rGO||B-rGO 
(supercritical fluid)

152, 1 A g−1 1 V, 20% KOH 81.7, 5 A g−1 67%, 3k, 5 A g−1 –

106, 1 A g−1 2.4 V, 1 m NaClO4, 62.4, 5 A g−1 84%, 3k, 5 A g−1 –

139, 0.1 A g−1 3 V, EMIMBF4 62.9, 1 A g−1 92%, 1k, 1 A g−1 –

45, 1 A g−1 3 V, BMIMPO4 – – –

56, 1 A g−1 3 V, BMPyPBF4 – – –

[114] Thermally rGO 1 mg cm−2 135, 10 mV s−1 −0.9 to −0.1 V, 6 m KOH, Hg/
HgO

45, 200 mV s−1 101, 3k, 50 mV s−1 –

B-doped TrGO 448, 10 mV s−1 50, 200 mV s−1 108, 3k, 50 mV s−1 –

[81] Virgin CF – 0.17, 1 A g−1 −1.4 to 1.0 V, 1 m Na2SO4, SCE – – –

Solvothermal RCF 0.375, 1 A g−1 – – –

Aerobic RCF 52, 1 A g−1 29%, 8 A g−1 90, 10k, 8 A g−1 lowest

ARCF||ARCF – 1 V, 6 m KOH – – –

– 1.9 V, 1 m H2SO4 – – –

– 2.4 V, 1 m Na2SO4 – 93.6, 10k –

[279] O-rich HPC-500
activated at 500 °C

5 mg on 1 × 1 cm2 
Ni foam

217.3, 0.5 A g−1 −1.0 to 0 V, 6 m KOH, Hg/HgO 55.7, 50 A g−1 – 0.78

O-rich HPC-600 426.9, 0.5 A g−1 71, 50 A g−1 – 0.8

O-rich HPC-800 286.1, 0.5 A g−1 86.3, 50 A g−1 – 0.74

O-HPC||O-HPC 269, 0.5 A g−1 1 V, 6 m KOH 63, 40 A g−1 97, 10k, 5 A g−1 –

YP-50F||YP-50F 113, 0.5 A g−1 82, 40 A g−1 –

[66] YP-50 175, 1 A g−1 −0.2 to 0.8 V, 0.5 H2SO4 (pH 0) – 81a), 40k –

Ordered mesopo-
rous carbon (OMC)

135, 1 A g−1 – – –

OM few-layer carbon 
(OMFLC)

325, 1 A g−1 – – –

8.2% N-OMFLC (S1) 715, 1 A g−1 67.5a), 40 A g−1 81.2a), 50k –

690, 1 A g−1 −0.5 to 0.8 V, 2 m Li2SO4 – 79.3a), 50k –

405, 1 A g−1 −0.8 to 0.1 V, 1 m KOH 63.1a), 30 A g−1 – –

7.5% N-OMFLC (S2) 730, 1 A g−1 −0.2 to 0.8 V, 0.5 H2SO4 (pH 0) – – –

11.9% N-OMFLC 
(S3)

655, 1 A g−1 – – –

SM (Mixed of S1, S2 
and S3)

855, 1 A g−1 71.9, 40 A g−1 – 0.8

SM||SM 0.5 mg cm−2 840 (69 F cm−3)a), 
1 A g−1

1.2 V, 0.5 H2SO4 (pH 0) – 82, 50k

10 mg cm−2 737a) (475 F cm−3)a), 
1 A g−1

– – –

0.5 mg cm−2 742a) (60 F cm−3)a), 
1 A g−1

1.6 V, 2 m Li2SO4 (pH 1.8) – 80, 50k –

10 mg cm−2 648a) (417 F cm−3)a), 
1 A g−1

– – –
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Ref. Nanocarbons Mass loading Specific 
capacitance [F g−1]

Potential window/voltage, 
electrolyte, reference electrode

Rate performance [%], 
current density/scan rate

Cap. retention [%], 
CD cycles, current 
density/scan rate

ESR or charge-
transfer resistance [Ω]

[67] N-rGO aerogel ≈0.5 mg cm−2 on 
carboxyl-modified 

CF paper

592.25a), 1 A g−1 1.5 Va), NaOH 96a), 4 A g−1 – –

579.33a), 1 A g−1 1.6 Va) H2SO4 86.3a), 4 A g−1 – –

463.05a), 1 A g−1 1.8 Va), Na2SO4 79.1a), 4 A g−1 – –

303.73a), 1 A g−1 2.5 Va), TEABF4/AN 63.9a), 4 A g−1 – –

764.53a), 1 A g−1 4 V, [BMP][DCA] 88, 4 A g−1 66.1, 3k 11.44

N-rGO nanosheets 493.2a), 1 A g−1 97a), 4 A g−1 85.6, 3k 17.38

[68] PANI nanorod array 1.5 mg cm−2 408.36a), 1 A g−1 −0.2 to 0.7 V, 1 m H2SO4, SCE – 49.2, 0.5k, 50 mV s−1 –

N-rich carbon 
nanorods (N-CNR)

776, 1 A g−1 66, 20 A g−1 94.43, 5k, 40 A g−1 –

4.5 mg cm−2 560.38,
1.5 mA cm−2

54.96, 30 mA cm−2 – –

N-CNR||N-CNR 1.5 mg cm−2 116a), 1 A g−1 1.6 V, 1 m H2SO4 58a), 20 A g−1 85.76, 10k, 20 A g−1 –

[146] Porous carbon 4.5 mg 92, 0.5 A g−1 −1.0 to 0 V, 6 m KOH, Hg/HgO 25, 10 A g−1 – 0.62

N-hollow carbon 
sphere (HPC) with 

closed pores

189.2, 0.5 A g−1 74.3, 10 A g−1 – 0.42

N-HPC with semi-
closed pores

255, 0.5 A g−1 83.1, 10 A g−1 – 0.42

N-HPC with open 
pores (N-HPC-O)

436.5, 0.5 A g−1 84.1, 10 A g−1 95.2, 20k, 5 A g−1 0.35

N-HPC-O||N-HPC-O 340, 0.5 A g−1 1 V, 6 m KOH 75.2, 10 A g−1 – –

[131] Coin cell: rGO||rGO 10 ml paste on 
5 × 15 cm2 CF

464, 1 A g−1 3 V, 0.2 m PPD + 1 m TEABF4/
ACN

– 77a), 1k, 1 A g−1 8.6

Coin cell: N-doped 
rGO || N-doped rGO

272, 1 A g−1 3 V, 1 m TEABF4/ACN – 92, 1k, 1 A g−1 –

562, 1 A g−1 3 V, 0.2 m PPD + 1 m TEABF4/
ACN

– 85, 1k, 1 A g−1 3.74

Pouch cell: N-doped 
rGO|| N-doped rGO

Paste on 
4 × 6 cm2 CF

153, 1 A g−1 3 V, 1 m TEABF4/ACN – 88.7, 1k, 1 A g−1 –

340, 1 A g−1 3 V, 0.2 m PPD + 1 m TEABF4/
ACN

80.3, 1k, 1 A g−1 –

[148] 3D porous carbon 
(PC)-rGO

2 mg cm−2 610, 2 A g−1 −1 to 0 V, 1 m H2SO4, Ag/AgCl – – 0.32

3D PC-rGO/PANI 1198, 2 A g−1 – – –

N-PC(rGO-C3N4) 740, 2 A g−1 – – –

3D PC-rGO/PANI || 
3D PC-rGO/PANI

440, 2 A g−1 1 V, 1 m H2SO4 80.45, 30 A g−1 g−1 94, 10k, 5 A g−1 g−1 0.65

212, 2 A g−1 g−1 1.8 V, 0.5 m Na2SO4 72, 20 A g−1 g−1 – –

3D PC-rGO/PANI// 
N-PC(rGO-C3N4)

216, 2 A g−1 g−1 1.8 V, 0.5 m Na2SO4 75, 20 A g−1 g−1 91, 10k, 5 A g−1 g−1 –

[124] HPC-0 10 mg cm−2 62.7a), 0.5 A g−1 – 19.8a), 10 A g−1 – –

N-enriched HPC-
activated at 800 °C

641.6 (0.412 F m−2), 
1 A g−1

−0.9 to 0 V, 6 m KOH, Hg/HgO 69, 40 A g−1 – –

N-HPC|| N-HPC 563.9, 1 A g−1 0.9 V, 6 m KOH 61.7, 40 A g−1 94.3, 5k, 5 A g−1 –

305, 2 A g−1 1 V, 1 m Na2SO4 57, 11 A g−1 95, 10k, 5 A g−1 –

[150] Carbon nano-onions 
(CNO)||CNO

– 110.8a), 1 A g−1 1 V, 1 m Na2SO4 69a), 7 A g−1 – –

Table 2. Continued.
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Ref. Nanocarbons Mass loading Specific 
capacitance [F g−1]

Potential window/voltage, 
electrolyte, reference electrode

Rate performance [%], 
current density/scan rate

Cap. retention [%], 
CD cycles, current 
density/scan rate

ESR or charge-
transfer resistance [Ω]

S-CNO||S-CNO 188.2, 1 A g−1 1 V, 1 m H2SO4 72, 10 A g−1 – –

305, 2 A g−1 1 V, 1 m Na2SO4 57, 11 A g−1 95, 10k, 5 A g−1 –

[153] rGO aerogel 2 mg 118.3, 5 mV s−1 0–0.7 V, 1 m H2SO4 vs Ag/AgCl 73.5, 100 mV s−1 73.2, 1.5k, 100 mV s−1 –

S- rGO aerogel 445.6, 5 mV s−1 78.2, 100 mV s−1 83.4, 1.5k, 100 mV s−1 –

85.9, 1 A g−1 1.8 V, 1 m LiClO4 49, 100 mV s−1 – –

91.92 3.5 V, 1 m BMIMPF6 36, 100 mV s−1 – –

[77] Thermally (T) rGO 1–2 mg cm−2 29, 0.05 A g−1 1 V, 1 m H2SO4 22, 30 A g−1 – –

P doped TRGO 115, 0.05 A g−1 24, 30 A g−1 – –

P-TrGO||P-TrGO 29, 1 A g−1 1.7 V, 1 m H2SO4 – 97, 5k, 5 A g−1 –

[178] HPC aerogel 2 mg cm−2 175.2, 1 A g−1 1 V, 6 m KOH vs standard Hg 55.9, 100 A g−1 95, 10k, 4 A g−1 0.4

P-doped HPC 
aerogel

406.2, 5 mV s−1;
208.9, 1 A g−1

65.8, 500 mV s−1; 66.8, 
100 A g−1

100, 10k, 4 A g−1 0.39

60 mg cm−2 348.8 – – –

P-HPC||P-HPC 2 mg cm−2 149.1, 1 A g−1 1 V, 6 m KOH 83, 10 A g−1 100, 10k, 2 A g−1

[184] Exfoliated GO (EGO) – 74.31, 5 mV s−1 −0.9 to 0.9 V, 1 m H2SO4 20.1a), 100 mV s−1 94.4a), 5k 0.91053

REGO 148.63, 5 mV s−1 23.1a), 100 mV s−1 93.4a), 5k 1.6947

P-EGO 245.08, 5 mV s−1 56.8a), 100 mV s−1 97.2a), 5k 0.86495

P-REGO 367.62, 5 mV s−1 45.7a), 100 mV s−1 97.6a), 5k 0.80874

[189] Undoped AC – 375, 2 mV s−1 0–1 V, 1 m H2SO4 Ag/AgCl 38, 50 mV s−1 – 4.82

F-doped AC 491, 2 mV s−1 43, 50 mV s−1 – 7.69

[201] rGO 1.5 mg 101.1, 10 mV s−1 −0.2 to 1.1 V, 1 m H2SO4 Ag/AgCl 80.3, 100 mV s−1 – 6.2

Cl-rGO 179.6, 10 mV s−1 86.3, 100 mV s−1 – 3.4

[202] rGO film 1 mg cm−2 140.5, 1 A g−1 0–1 V, 6 m KOH, 2E 19.5, 100 A g−1 94.3, 5k, 30 A g−1 g−1 3.52

Cl-rGO film 210 (266.7 F cm−3), 
1 A g−1

71.2, 100 A g−1 92.1, 5k, 30 A g−1 0.90

Flexible SSC 11 mg cm−2 2.312 mF cm−2, 1 mA 
cm−2

1 V, PVA-KOH 78.7, 20 mA cm−2 98, 500 bending 
cycles

–

[247] rGO aerogels 1.5 mg cm−2 240, 10 mV s−1 0–0.8 V, 1 m H2SO4, Ag/AgCl 80, 500 mV s−1 78.1, 10k, 1 A g−1 –

S-rGO aerogels 347, 10 mV s−1 – – –

P-rGO aerogels 313, 10 mV s−1 – – –

SP-rGO aerogels 438, 10 mV s−1; 425, 
1 A g−1

87.2, 500 mV s−1; 86, 20 
A g−1

93.4, 10k, 1 A g−1 –

198, 1 A g−1 0.8 V, 1 m LiClO4 62, 20 A g−1 – –

208, 1 A g−1 0.8 V, BMIMPF6 54, 20 A g−1 – –

[284] N/O codoped carbon 
nanospheres

– 627, 1 A g−1 1.5 V, 3 m H2SO4 42.6, 6 A g−1 224.9, 10k, 7 A g−1 0.36

[263] N/O codoped honey-
comb carbon|| N/O 

codoped honeycomb 
carbon

15 mg cm−2 533, 0.5 A g−1 1 V, 6 m KOH, Hg/HgCl2 39.9a), 20 A g−1 – 0.98

92, 0.1 A g−1 1 V, 6 m KOH 48.9, 20 A g−1 93.9, 20k, 2 A g−1 0.89

59, 0.1 A g−1 1.8 V, Na2SO4 58, 20 A g−1 90.7, 20k, 2 A g−1 3.01

48.4, 0.5 A g−1 3.5 V, EMIMBF4 52.8a), 10 A g−1 91.5, 10k, 2 A g−1 –

[250] S-doped GO 2  mg cm−2 282, 0.5 A g−1 −1.2 to −0.2 V, 6 m KOH, SCE 64.7a), 10 A g−1 – ≈1.90a)

N-doped GO 371, 0.5 A g−1 54.9a), 10 A g−1 – ≈1.85a)

NS-codoped GO 566, 0.5 A g−1 39a), 10 A g−1 95, 2k, 3 A g−1 ≈0.77a)

NS-GO||NS-GO 193, 100 mV s−1 1 V, 6 m KOH 62.6, 1 V s−1 93, 2k, 5 A g−1 –

Table 2. Continued.
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the impact of dopants is found to be pronounced mostly in 
aqueous electrolytes rather than in organic or ionic electro-
lytes, asymmetric devices of doped nanocarbons in organic 
and ionic electrolytes are capable to operate with the potential 
windows of 2.5–3 and 3–4 V, respectively.

5. Pseudocapacitance and rate performance: Since the pseudoca-
pacitive contribution originates from the dopants alone, the 
rate capability of doped nanocarbon is found to be poor at 
higher current densities although it exhibits much higher 
gravimetric and volumetric capacitance at lower current 

Ref. Nanocarbons Mass loading Specific 
capacitance [F g−1]

Potential window/voltage, 
electrolyte, reference electrode

Rate performance [%], 
current density/scan rate

Cap. retention [%], 
CD cycles, current 
density/scan rate

ESR or charge-
transfer resistance [Ω]

[261] SN-rGO 3.4 mg cm−2 503, 1 A g−1 0–0.9 V, 6 m KOH, Ag/AgCl 52, 5 A g−1 89.4, 10k, 10 A g−1 –

SN-rGO|| SN-rGO 509, 1 A g−1 0.9 V, 6 m KOH 63.8, 5 A g−1 – –

[262] N,S codoped HPC 
nanospheres

0.5  mg cm−2 800, 1 A g−1 0–1 V, 6 m KOH, RHE – 94.8, 15k, 5 A g−1 –

3  mg cm−2 500, 1 A g−1 – – –

0.5  mg cm−2 710, 1 A g−1 0–1 V, 1 m H2SO4, RHE – 92.1, 15k, 5 A g−1 –

[118] BN codoped PC 
(BNDC) NW

0.35 mg cm−2 504, 1 A g−1 −0.2 to 0.8 V, 1 m H2SO4, SCE 67, 10 A g−1 104.8, 5k, 10 A g−1 –

358.4, 1 A g−1 −0.7 to 0.3 V, 1 m KOH, SCE 60.3, 10 A g−1 96.8, 5k, 10 A g−1 –

265.2, 1 A g−1 −0.2 to 0.8 V, 1 m Na2SO4, SCE 56, 10 A g−1 98.5, 5k, 10 A g−1 –

BN-DC NW||BN-DC 
NW

255.7, 1 A g−1 1.6 V, PVA-H2SO4 62, 10 A g−1 91, 5k, 5 A g−1 –

[257] B/N-doped porous 
carbon-tube bundles 

(PCTB)

10 mg cm−2 277, 1 A g−1 6 m KOH, Ag/AgCl 81.2, 20 A g−1 – –

30 mg cm−2 235, 1 A g−1 78.7, 20 A g−1 – –

40 mg cm−2 216, 1 A g−1 69.4, 20 A g−1 96, 10k, 20 A g−1 –

AC 119a), 1 A g−1 61.1a), 20 A g−1 85.9a), 10k, 20 A g−1 –

BN-PCTB|| BN-PCTB (40 + 40) mg cm−2 33.9a) (27 F cm−3), 
0.5 A g−1

1.8 V, 1 m Na2SO4 64, 20 A g−1 92, 10k, 20 A g−1 –

[245] GH 1 mg cm−2 148a), 1 A g−1 3.5 V, 1 m EMIMBF4/AN, sym-
metric cell

31a), 100 A g−1 74.3, 30k, 10 A g−1 –

Holey GH (HGH) 200a), 1 A g−1 42a), 100 A g−1 82.7, 30k, 10 A g−1 –

BNP-GH 305a), 1 A g−1 68a), 100 A g−1 89.6, 30k, 10 A g−1 –

BNP-HGH 350 (234 F cm−3), 
1 A g−1

71.8, 100 A g−1 90.5, 50k, 20 A g−1 –

10 mg cm−2 316 (212 F cm−3), 
1 A g−1

67.5 81.3, 50k, 20 A g−1

1 mg cm−2 362, 1 A g−1 1 V, 1 m H2SO4/glass fiber 
membrane

71, 100 A g−1 – –

1 mg cm−2 345, 1 A g−1 1 V, PVA-H2SO4 58, 100 A g−1 91.6, 20k under 
180 °C bending 
angle, 10 A g−1

–

[72] ONS-C||ONS-C 10 mg cm−2 324, 0.2 A g−1 1.0 V, 6 m KOH 59, 20 A g−1 90.8, 20k, 5 A g−1 0.95

256, 0.2 A g−1 1.8 V, 1 m Na2SO4 53, 20 A g−1 93.2, 20k, 5 A g−1 0.93

196, 0.5 A g−1 3.5 V, EMIMBF4 ionogel 56, 10 A g−1 91.6, 10k, 1 A g−1 16.8

[248] Carbonized buck-
wheat flour

3 mg cm−2 190 (149.7 F cm−3), 
1 A g−1

−1 to 0 V, 0.5 m Na2SO4, Ag/AgCl 4a), 20 A g−1 – –

KOH-activated 
buckwheat flour

407 (320.7 F cm−3), 
1 A g−1

9a), 20 A g−1 – –

3D honeycomb like 
PC foam (O, N, S, P)

767 (604.3 F cm−3), 
1 A g−1

36, 20 A g−1 92.6%, 10k, 10 A g−1 –

a)Extracted and/or calculated data from the corresponding figure of cited reference.

Table 2. Continued.
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densities.[73] A poor rate performance has been seen when the 
electrode material provides higher pesudocapacitive contri-
butions.[73] Hence, we envision a doped nanocarbon electrode 
with balanced EDLC and pseudocapacitance contributions to 
achieve a good rate capability while maintaining other super-
capacitive features since the rate capability defines the power 
density of device.[282]

6. Cycle life: Cycle life is another important parameter of 
supercapacitors. Surprisingly, a drastic enhancement in 
capacitance of doped and/or functionalized nanocarbons 
with retention of more than 100% with charge–discharge 
cycles is observed.[49,284,293] It may happen due to the higher 
wettability, change in the O-functionalities in the structure 
and structural improvement during the cycles.[168] However, 
this drastic enhancement in capacitance retention certainly 
requires further direct evidences, particularly on the physico-
chemical properties changes of active materials after a certain 
number of charge–discharge cycles. In addition, one needs to 
ensure the better wettability of electrode by immersing it in a 
suitable electrolyte for at least for 12–24 h before carrying the 
electrochemical tests.[294]

7. Electroactive surface area versus BET surface area: The BET sur-
face area of doped nanocarbon is in most cases different from 
the corresponding undoped materials. The variation of BET 
surface area has been found to depend on the doping concen-
tration and dopant type. This implies that the electroactive 
sites and surface area are more relevant than the BET surface 
area of nanocarbons after doping, which is one of the factors 
for the improved supercapacitive properties.[54] In addition, the 
BET surface area often overestimates the actual surface area 
of the sample.[52,260,286] Hence, establishing the correlation be-
tween electroactive surface area with the supercapacitive per-
formance could provide a more in-depth understanding.

In order to estimate the electroactive surface area, one 
can find out the double layer capacitance Cdl (mF) from the 
capacitive charging–discharging current (iC) versus the scan 
rate (v in V s−1) plot ( Cdl = iC /v) and divide it by the general 
specific capacitance 40 µF cm−2 in 1 m NaOH or 35 µF cm−2  
in 1 m H2SO4 electrolytes. In this test, the cyclic voltam-
mogram should be recorded in the non-Faradaic region 
which is typically a 0.1  V potential window over the open 
circuit potential assuming the measuring current is due to 
the double-layer charging.[295] The estimated value is gener-
ally an approximate electroactive surface area since several 
assumptions are taken into considerations.

The electrochemically active surface area of the electrode 
materials can also be measured from the cyclic voltammo-
gram study in 5-mM potassium ferricyanide solutions with 
0.1 m KCl solution in a 0.1 m phosphate buffer and using the 
following Randles–Sevcik equation[296,297]

26800p
3/2 1/2 1/2i n D Cv A=  (26)

where ip, n, D, C, v, A are anodic peak current, number 
of electrons (in this case, n  =  1) involved in the Faradaic 
activity associated with the peak, diffusion coefficient 
(7.2  ×  10−6 cm2 s−1), concentration (5  ×  10−6  mol cm−3) of 
ferricyanide ion, scan rate and electroactive surface area of 
electrode (cm2), respectively.

8. Clear and concise title with proper naming of structure is 
indispensable for quality publication. Some articles termed 
the electrodes as carbon nanostructures (or single-doped 
carbon nanostructures) in the title but close inspection of 
the results reveals that the carbon structures contain het-
eroatoms (or more than one excluding inevitable oxygen). 
Therefore, it is recommended to name the materials prop-
erly and title precisely for better reference and use by other 
researchers.

9. Proper X-axis notation for the cyclic voltammogram and 
charge–discharge profile in 2E versus 3E tests. It is necessary 
to mention the reference electrode along with the potential in 
the X-axis of both cyclic voltammogram and charge–discharge 
profile for 3E test whereas labelling the axis as potential alone 
without reference electrode in 2E test.

8. Challenges and Outlook

Among all dopants for nanocarbon based supercapacitor elec-
trodes, boron, and nitrogen have received a higher priority due 
to their similar atomic radius with carbon. Although sulfur and 
phosphorus doping into carbon have been reported, the studies 
on other dopants are very limited. The major concerns of using 
sulfur and phosphorous are safety, stability, and toxicity. For 
example, the phosphorous functional group is very unstable 
even at room temperature. However, each heteroatom doping 
into carbon nanostructures has its own merits and demerits, 
which has been discussed above in this review.

Overarchingly, introduction of dopants into nanocarbons 
leads to simultaneous changes in several associated proper-
ties like wettability, structural stability, surface chemistry, 
morphology, and some others. Therefore, dopant associated 
changes have to be taken into consideration while discussing 
the improvement in any kind of properties of nanocarbons after 
doping.[240] Pinpointing a specific factor to be responsible for 
the enhanced supercapacitor performance of electrode mate-
rials is often inconclusive. Unfortunately, this kind of correla-
tions and insights is missing in many reports. Rather, several 
(often conflicting) trends in showing superiority of perfor-
mances of supercapacitor device in terms of normalized capaci-
tance, energy density, and power density, etc., compared to 
other existing literature sources, prevails. Surprisingly, a very 
large number of the available comparison tables (or Ragone 
plots) of supercapacitor performances of electrode (or device) 
do not even present any results which are superior to their 
own results. Hence, insightful discussions on supercapacitor 
performance of an electrode influenced by physicochemical 
changes in the materials structure will be greatly appreciated by 
the community and generate more consistent new knowledge. 
Where possible, commercial devices should be used as bench-
marks for comparison purposes. This convention is commonly 
used in electrocatalysis field, which is not as clearly seen among 
the supercapacitor-related literatures.

In spite of large promises as a capable energy storage 
device, the present state-of-the art of doped carbon-based 
supercapacitor is still far away from the commercial utilization 
as a stand-alone device.[1] The bottleneck challenges here that 
need much-devoted attention are
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1. Enhancement in specific capacitance: Considering the spe-
cific capacitance, the values for heteroatom-doped carbons, 
2D materials and pseudocapacitive materials are almost in 
the same range (Figure  1).[21] The observed gravimetric ca-
pacitance of doped nanocarbons typically varies from 100 to  
855 F g−1 based on the existing reports. In some cases, the 
pseudocapacitive materials shows higher capacitance than 
that obtained for heteroatom doped carbon structures.[13]

2. Higher potential window without sacrificing specific capacitance: 
Although some heteroatom doped carbon-based materi-
als could be able to be operated in the extended potential 
window, for example, up to 1.7 V, in 1 m H2SO4 electrolyte, 
the specific capacitance of the device is not impressive 
(29 F g−1 at 1 A g−1 only).[77]

3. Structure with optimized functional groups: Acidic functional 
groups are detrimental for the capacitive properties. Indeed, 
the capacitance drop is proportional to the density of acidic 
groups.[130] Since the acidic functional groups reduce the 
local pH and hence stimulate hydrogen generation at nega-
tive electrode. To neutralize the local charge equilibrium, the 
adsorbed ions are released from the double layer. Similar 
phenomena occur at a positive electrode due to the presence 
of basic groups which results in CO and CO2 generation. 
This fact causes self-discharge and leakage current in the  
device.[159]

4. Understanding the role of dopant and its configuration: The 
effects of a particular group versus its configuration on su-
percapacitor performances should be clarified. For example, 
the role of COOH group, pyridine-N, or pyrrolic-N, charge 
storage mechanism of phosphorous or silicon doping, and 
several other factors are not completely understood yet.

5. Rate performance and cyclability: These two parameters are 
the key factors where high volumetric energy density is re-
quired for the practical usage. The rate performance is a key 
factors where high volumetric energy density is required for 
the practical usage. The poor rate performance and cyclabil-
ity for the heteroatom doped carbon structures are due to the  
“electrolyte starvation effect”, where free electrolyte ions are 
adsorbed on the distributed double-layer surface which in 
turn results in inaccessible surfaces and reduces the conduc-
tivity of accompanying free electrolyte ions.[298,299] In addi-
tion, the bond length and bond angles in the carbon matrix 
change upon doping which can also affect the rate capability 
of doped carbon.

6. Ageing effect: Various chemical groups (OH, COOH, CONH 
and F) formed on the electrode surface from water traces 
and the electrolyte which is responsible for ageing of porous 
carbon nanostructures, particularly in nonaqueous electro-
lytes.[300,301] The ageing in the organic electrolyte is much 
higher in the positive electrode as well as faster at a higher 
temperature and a wider potential window.[301]

The impressive recent advances in materials science and 
nanotechnology are expected to help tackle the above-men-
tioned challenges. The key aspects to mitigate the challenges 
is in designing doped-carbon structures via an economical 
synthesis process with minimum steps with the doped nano-
carbons meeting the following requirements.

1. Well-balanced meso-micro-macropores structure with high electro-
chemically active areas: Macropores can serve as ion reservoir, 
mesopores for an efficient ion diffusion into the entire sur-
face and micropores for ion accumulator-cum-charge storage 
enhancer.[279]

2. Dual wetting surface: Surface with dual wetting nature where 
the inner graphitic layers can be utilized effectively for charge-
transport while the functionalized outer part can be efficient 
for charge storage. Hierarchically porous carbons with an 
interlinked hydrophilic and hydrophobic surface,[302] vertical 
graphene,[238] or open-ended multilayer CNT[303] could be the 
potential candidates for this aspect as an example.

3. The right choice of dopant: It is well known that the oxygen or bo-
ron doping diminishes the electrical properties of carbon.[210] 
Functional groups are sometimes detrimental in terms of 
leakage current and self-discharge of device. Therefore, one 
should select proper dopants or combination of dopants with 
an appropriate stoichiometry to design doped nanocarbons 
keeping their behavior in a chosen electrolyte in mind without 
losing the advantageous features of nanocarbons.

4. Optimization between dopant features and properties of doped 
carbon: The content of heteroatom doping, their bonding 
and physical properties like pore distribution, surface area, 
structural qualities are intimately interlinked. During the 
synthesis process, it is difficult to control a single parameter 
while keeping another unchanged and thus the selection of 
suitable precursors is crucial to develop a novel design strat-
egy. The scenario becomes more complex when the carbon 
structures are doped with more than one dopant. It is impera-
tive to balance the physical changes in the structure due to 
the codoping, ratio of multidopant content, and amount of 
preferable configurations which have a positive contribution 
for capacitive performances.

9. Concluding Remarks

Considering benefits and bottleneck challenges, there is plenty 
of room for new strategies to be developed in carbon-based 
supercapacitor research. We foresee the exciting progress and 
further in-depth understanding of the heteroatom doped nano-
carbons with the enriched physicochemical properties. Addi-
tionally, we do believe that the knowledge provided here will 
be helpful for the research of doped nanocarbons not only for 
supercapacitor alone but also toward battery, metal-ion capac-
itor, fuel cell, sensor, catalysis, and many more applications.
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