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Abstract

This review focuses on the significant impact of heteroatom doping in enhancing the electronic properties and electrochemical performance
of carbon materials for supercapacitors (SCs). Incorporating heteroatoms such as nitrogen, sulfur, phosphorus, fluorine, and boron modifies the
carbon structure, creates defects and increases active sites, which improves electronic conductivity, ion accessibility, and surface wettability and
reduces ion diffusion barriers. Additionally, certain heteroatoms can participate in electrochemical reactions, further enhancing SC performance.
Although research in this area is still emerging, a deeper understanding of the mechanisms behind single and multi-doping systems is essential
for developing next-generation materials. Future strategies for improving heteroatom-doped carbon materials include increasing heteroatom
content to enhance specific capacitance, selecting suitable heteroatoms to expand the potential window and improve energy density, utilizing
advanced in situ characterization techniques, and exploring the use of these materials in cost-effective SCs. The potential of heteroatom-doped
carbon materials for SCs is promising, with their ability to improve energy density, power density, and cycling stability, making them
competitive with other energy storage technologies. These advancements will be key to broadening their practical applications, including electric
vehicles, portable electronics, and grid energy storage, and will contribute to more efficient, long-lasting, and environmentally friendly energy
storage solutions.
© 2025 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction technological progress. Fossil fuels have brought about sig-
nificant advances, but their use is limited. There are strong

Mankind's abundance depends on available resources and indications that a shift to other energy sources is needed.

energy. We have used materials and energy sources as they
are. In the process, humans have learned that materials can be
processed to produce more useful effects. Since materials are
limited, it is also important to use them effectively. The energy
sources used by humankind have also changed along with
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Primarily, it is crucial to switch to renewable energy sources
[1-5]. Additionally, the growth of fossil fuel-dependent in-
dustries has led to significant environmental drawbacks,
underscoring the urgency for achieving carbon neutrality [6—
8]. The shortage of fossil fuels and the threat of global
warming necessitate rapid advancements in energy storage
technologies, such as rechargeable batteries and super-
capacitors (SCs), to sustain a low-carbon, sustainable econ-
omy [9,10]. Rechargeable batteries are indispensable for
powering electric vehicles (EVs) and storing renewable energy
[I1]. However, their performance is often limited by the
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sluggish diffusion of ions through the bulk of active materials,
constraining their power density. On the other hand, SCs,
which store energy through surface charge rather than bulk ion
diffusion, can deliver high power density, making them well-
suited for applications that demand rapid energy delivery. Yet,
their reliance on surface charge storage generally results in a
lower energy density than batteries, emphasizing the need for
ongoing research to enhance their energy storage capabilities.
The progress of material science has accompanied the
history of humankind. Never satisfied with materials as they
are, humankind has developed science and technology to
create materials freely. In particular, the progress of material
science since the 20th century has been remarkable. These
studies have paved the way for the creation of desired sub-
stances. The development of nanotechnology has further
accelerated this movement. Nanotechnology has made it
conceivable to perceive structures at the atomic and molecular
levels [12—14]. It has also made it likely to employ structures
at the nanoscale level [15-17]. It has also made analyzing
physical properties at the nanoscale level possible [18-20].
Such developments have highlighted the importance of
nanostructure control in functional structures. The progress of
materials science and the conception of nanotechnology have
occurred in parallel. However, it is now time for the two major
technologies to merge. This is the formation of materials based
on information from nanotechnology [21,22]. Nano-
architectonics is a perception that occupies a position of post-
nanotechnology. As Richard Feynman laid the foundation for
nanotechnology in the mid-20th century [22,23], Masakazu
Aono projected the concept of nanoarchitectonics at the
beginning of the 21st century [24,25]. Nanoarchitectonics is
the architecture of practical material systems from nano-units
(atoms, molecules, and nanomaterials) [26]. It can be a fusion
of nanotechnology and various material sciences.
Methodologies for assembling materials from units in this
way have existed in the past science and technology.
For example, the formation of supramolecular structures by
self-assembly [27-29], the preparation of metal-organic
frameworks (MOFs) by complex chemistry [30-33], or the
development of covalent organic frameworks (COFs) by
polymer chemistry [34-36] are typical examples. These
studies can also be considered a portion of nanoarchitectonics.
The material synthesis power of nanoarchitectonics has also
been deployed in various applications. Various catalysts [37—
39], photocatalysts [40—42], sensors [43—45], devices [46—48],
nano- and micro-robots [49-51], molecular machine [52—-54],
environmental remediation [42,55,56], biomass utilization
[57-59], drug delivery [60-62], cell control [63,64], and
medical fields [65-67] also utilize the concept of nano-
architectonics. Among their wide range of applications, the
use of nanoarchitectonics concepts in energy-related fields is
remarkable. Notable applications include fuel cells [68-70],
solar cells [71-73], various batteries [74—76], and SCs
[77-79]. The nanoarchitectonics methodology fabricates
electrode materials with the desired structures and properties.
There are also examples of photocatalytic water splitting for
hydrogen production [80—82] and energy generation from

various sources [83—85]. The socially demanding energy field
requires materials with high functional efficiency. The nano-
architectonics approach can meet this demand.

Examples of applications of the nanoarchitectonics concept
in energy-related fields are illustrated below. Bogachuk et al.
proposed a sophisticated synthesis of perovskite solar cells
using carbon-based back-electrodes under nanoarchitectonics
in entirely printed perovskite solar cells [86,87]. Nanocavities
were introduced into the mesoporous metal oxide layer using a
sacrificial film of polystyrene. Thereby, nonradiative recom-
bination is greatly suppressed. As a result, larger perovskite
crystals could be grown within the oxide scaffold. Zhong et al.
studied a heterostructured photocatalyst constructed with the
strategy of Z-scheme WO,/Cu-g-C3N, heterojunction nano-
architectonics [87]. This innovative approach was developed
by integrating mechanochemical pre-reactions with thermal
condensation processes at high temperatures. Superior thin g-
C;N, nanosheets were modified with copper nanoparticles.
Additionally, semiconductor nanocomposites were incorpo-
rated to enhance the charge carrier separation and transport
efficiency within the composite system.

Carbon materials are crucial in SCs electrode research due
to their inherent advantages. Initially, pure carbon materials
provide EDLC capacitance, but when doped with heteroatoms,
they exhibit pseudocapacitive behavior [88]. Despite the high
capacitance of porous carbon materials, their conductivity
often diminishes with increased porosity and specific surface
area, limiting power capacity [89]. To enhance energy and
power density, doping carbon materials with heteroatoms (N,
0O, S, B, P, F) to introduce pseudo-capacitance has gained
significant attention [90]. Pseudocapacitive materials are of
great interest for energy storage systems due to their ability to
deliver high specific capacity and rapid charge/discharge rates,
prompting significant research efforts in this area [91,92].
Bahadur et al. presented hybrid nanoarchitectonics of ordered
mesoporous Cg,—BCN approach to bridge the performance
gap for SCs and lithium-ion batteries [93]. They developed
ordered mesoporous hybrids of fullerenes and boron carbide
with a high surface area using the uniquely structured meso-
porous silica KIT-6 as a hard template. The hybrids, decorated
with Cg nanostructures, exhibited ordered mesoporosity and a
high surface area and functionalized surfaces that effectively
facilitated intermolecular electron transfer enabled by the Cgo-
derived structure.

This review highlights the transformative role of heteroat-
om doping in enhancing the electrochemical performance of
carbon materials for SCs. Incorporating heteroatoms such as
nitrogen, sulfur, boron, phosphorus, and fluorine into carbon
structures introduces defects, improves electronic conductiv-
ity, increases active sites, and enhances surface wettability,
ultimately boosting ion accessibility and reducing diffusion
barriers. Certain heteroatoms can also participate in electro-
chemical reactions, further optimizing performance. Future
strategies focus on increasing heteroatom content, selecting
optimal dopants to expand the potential window, and utilizing
advanced characterization techniques. These advancements
could broaden the practical applications of SCs in electric
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vehicles, portable electronics, and grid energy storage,
contributing to more efficient and sustainable energy solutions.

2. Introduction to supercapacitors

Supercapacitors (SCs) have emerged as crucial energy
storage systems owing to their exceptional qualities of excel-
lent power density, rapid rates, low maintenance, safety, and
excellent stability, which make them perfect for various pur-
poses in transportable electronics, power backups and hybrid
vehicles [9,94]. SCs are categorized into two categories,
namely, electrochemical double-layer capacitance (EDLC)
and pseudocapacitance, with EDLC operating on the Helm-
holtz double-layer principle and pseudocapacitance involving
Faradaic charge transfer [95]. Compared to batteries, SCs
charge much faster and maintain a long lifecycle due to
negligible volume expansion during charge cycles [11,96].
However, electrode and electrolyte choices primarily influence
their energy density. Active materials are pivotal in deter-
mining SCs performance, affecting overall effectiveness [97].
This section distinguishes the charge storage mechanism for
EDLC, pseudocapacitors, and battery-type energy storage
systems.

2.1. Electric double-layer capacitance (EDLC)

The EDLCs are the most widely used and extensively
researched type of SCs in which capacitance is generated via
the adsorption of anions and cations at the electrode and
electrolyte interface [98]. During the charge and discharge
processes, the configuration of charges within the Helmholtz
double layer generates a displacement current. Due to the
materials rapid response to potential changes and their
inherent physical reaction characteristics, EDLCs can deliver
energy fast. However, due to the restricted area of the elec-
trode surface, the energy storage capacity is limited and
significantly lower than that of pseudocapacitors and
rechargeable batteries [99]. The EDLC capacitance can be
expressed as follows:
0 €6A

Cu=—=
A=y, d

(1)

Where C, is the capacitance, Q is the charge transferred at
potential V, ¢, is the dielectric constant of the electrolyte, €, is
the dielectric constant of vacuum, d is the distance of charge
separation, and A is the area of the electrode.

When C, remains constant for EDLCs, the following
equation for the response current I can be derived from
Equation (1)

1 . Cdzd—v (2)
dt dt
Here, t is the discharge time.

If the applied voltage V changes linearly over time ¢, in a
way that V=V,+vt, V,, represents the initial voltage, and v is
the sweep rate, the relationship can be expressed as

1= Cle (3)

As per the above equation, the current is proportional to the
sweep rate. Alternatively, when a capacitor is charged or
discharged at a constant current, the voltage will increase
during charging or decrease during discharging at a steady
rate, as given by Equation (3). Consequently, a triangular
charge/discharge profile is anticipated, as shown in Fig. 1b and
c. Carbon-based materials, including activated carbons (ACs),
carbon nanotubes (CNTs), and graphene, are recognized as
EDLC SCs [100,101]. Graphene is extensively utilized as an
active material in SCs due to its exceptional properties,
including a large surface area, excellent electrical conductiv-
ity, high thermal and mechanical stability, and flexibility.
CNTs are classified into two types based on their synthesis:
single-walled (SWCNTs) and multi-walled (MWCNTs) [102].
Using CNTs as electrode materials in energy applications has
significantly enhanced performance, especially in achieving
high capacitance. Meanwhile, as T-electron-rich carbon pre-
cursors, fullerenes can yield high-surface-area carbons with
well-controlled morphology and shape. Carbon derived from
fullerenes offers outstanding characteristics, including a large
surface area and chemical stability [103].

2.2. Pseudocapacitors

Unlike EDLCs, pseudocapacitors store charge through
redox processes involving fast and reversible redox reactions
on or near the electrode surface. Pseudocapacitive materials
exhibit battery-like redox reactions but at comparable rates to
capacitors. According to the fundamental theory by Conway,
which explains pseudocapacitors working mechanisms, the
charge storage in pseudocapacitors involves two different
processes: (i) surface redox pseudocapacitance and (ii) inter-
calation pseudocapacitance.

2.2.1. Surface redox pseudocapacitors

For the surface redox pseudocapacitors, charge storage
primarily arises from charge transfer, specifically through
redox reactions at the electrode surface. As shown in Fig. 1d—
f, the CV and GCD curves for the surface redox pseudoca-
pacitor closely resemble those of carbon-based materials
illustrated in Fig. la—c. Despite these similarities in profile,
pseudocapacitors store charge not only through a double-layer
mechanism. Instead, they rely on electric double-layer and
surface redox reactions for charge storage [105]. Materials
exhibiting these electrochemical characteristics are known as
pseudocapacitive materials. Metal oxides are widely used as
surface redox pseudocapacitive materials [106]. RuO, was the
first pseudocapacitive material studied, demonstrating fast
electron and ion conductivity features. Other metal oxides,
such as MnO,, WO;, and Fe,0s, also exhibit similar surface
redox pseudocapacitance. The multiple valence states of these
materials allow rapid and reversible faradaic reactions at the
electrode surface, differentiating them from EDLCs [40].
Compared to EDLCs, pseudocapacitors are superior as they
store more charge and offer high charge-discharge rates.
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Fig. 1. Illustration depicting different charge storage mechanisms along with their corresponding electrochemical characteristics, including CV and GCD curves:
(a—c) electrical double-layer capacitor, (d—f) surface redox pseudocapacitor, and (j—1) faradaic battery type. Reprinted with permission from Ref. [104] Copyright

(2020), Wiley-VCH Verlag GmbH & Co. KGaA.

Fig. le and f demonstrate redox pseudocapacitors charge
storage mechanism and electrochemical features. The charge
storage mechanisms in EDLCs and pseudocapacitors differ
due to the distinct charge-storing processes and the types of
electrode materials employed. However, similarities in their
electrochemical characteristics come from the relationship
between potential and charge accumulation at the electrode/
electrolyte interface or within the internal surface, which re-
sults from adsorption/desorption processes. These electro-
chemical characteristics are essential for differentiating
materials and assessing their specific capacitance. Typically,
conducting polymers and metal oxides are the main materials
used in pseudocapacitors and are known as pseudocapacitive
materials [107].

2.2.2. Intercalation pseudocapacitors

The layered materials, for example, MoOj3, Nb,Os, MoS,,
WS,, etc., facilitate faradaic charge transfer reactions by
intercalating electrolyte ions into their layers without under-
going phase changes [108]. This rapid and reversible charge
storage mechanism is comparable to or surpasses surface
redox pseudocapacitors, known as intercalation pseudocapa-
citance; Dunn and Simon defined this mechanism.

Intercalation pseudocapacitors exhibit unique SCs character-
istics, such as current being directly proportional to the scan
rate, capacitance not varying linearly with charge time, and
minimal change in peak voltage with scan rate. A key
advantage of these pseudocapacitors is that the materials
remain phase-stable throughout the electrochemical process
[109]. The charge storage mechanism in intercalation pseu-
docapacitors extends beyond the surface, engaging the bulk of
the active material in a reversible redox process. Fig. 1g-i il-
lustrates the electrochemical properties of intercalation pseu-
docapacitors, using a typical Nb,Os material as an example.

2.3. Battery-type charge storage

The main difference between battery-type and capacitor-
type materials lies in their redox processes. The electrode
material undergoes phase changes during electrochemical
Faradaic reactions in battery materials [110]. Additionally, the
voltage of battery-type materials remains steady during
charge—discharge tests by the phase change law and the Nernst
equation, as shown in Fig. 2j-1. Therefore, electrodes with
diffusion-controlled redox reactions (battery-type) exhibit
distinct redox peaks in the cyclic voltammetry (CV) curves
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Fig. 2. Schematic presentation of carbon-based SC.

and a plateau in the charge—discharge profile, similar to a
battery [111]. Materials based on Ni, Co, and Cu are typical
examples of battery-type materials [112]. Unlike capacitors,
calculating the specific capacity (mAh g) is crucial, as total
capacitance does not remain constant across the entire voltage
range. The specific mass of the electrode determines the
number of electrons and ions intercalated into the active
electrode material. Battery-type electrodes offer a higher en-
ergy density than EDLCs and pseudocapacitors, making them
particularly valuable for applications requiring significant
energy output.

3. Research progress on carbon materials for
supercapacitors

Over the past decades, substantial progress has been ach-
ieved in the fundamental understanding and design of elec-
trode materials for energy storage devices. Carbon-based
materials are highly preferred for EDLC SCs because of their
excellent electrical conductivity, large surface area, chemical
stability, and versatile properties [98,113]. Various forms of
carbon materials, like activated carbon, carbon nanotubes
(CNTs), graphene, carbon aerogels, and fullerenes, have been
thoroughly investigated and utilized to improve the perfor-
mance of SCs [10,114,115]. Carbon materials are the basis of
SC electrodes, typically consisting of an anode and cathode
deep in the electrolyte solution, separated by a porous mem-
brane that facilitates electrolyte penetration (Fig. 2). This
physical interface enables carbon-based SCs to achieve rapid
charge and discharge cycles, delivering significant power
output within seconds. Despite these advantages, commer-
cially available carbon-based SCs utilizing activated carbons
encounter challenges in organic electrolytes, where their en-
ergy densities typically remain < 10 Wh kg~' [116]. These
limitations arise from slow mass diffusion and restricted
charge accumulation processes within the activated carbon
electrodes.

To address this problem, considerable efforts have been
directed towards enhancing the energy density (E = 0.5 CV?)
of carbon-based SCs. Maximizing energy density in carbon-
based SCs is crucial, focusing on electrode capacitance (C)
and electrolyte potential (V). Activated carbon materials with
activating agents like ZnCl, aims to increase surface area.
However, this can sometimes lead to issues like hidden pores
and broad pore size distributions, which may affect conduc-
tivity and performance negatively [117]. Introducing doping
defects and functional groups seems promising to enhance
electrochemical activity, surface polarization, and electrical
conductivity [118]. These defects can modify carbon mate-
rials' electronic structure and surface chemistry, which is
crucial for enhancing their performance in SCs. Researchers
employ CVD, pyrolysis, and specific doping methods during
synthesis to precisely control doping levels and introduce
particular defects [119,120]. Each heteroatom used for doping
introduces unique properties that can significantly influence
the features of carbon-based materials [121]. Therefore, it is
imperative to carefully optimize the doping strategy according
to SCs specific requirements and applications, ensuring
enhanced performance and efficiency tailored to different
operational conditions and environments [122].

3.1. Single heteroatom functionalized carbon materials
for supercapacitors

The development of SC electrode materials has advanced
from using porous carbon materials initially focused on
providing EDLC capacitance to heteroatom-doped materials
demonstrating pseudo-capacitive behavior. While many
porous carbon materials can deliver high capacitance, their
electrical conductivity often declines as porosity and surface
area increase, significantly restricting their power capability.
Introducing pseudocapacitance through doping functional
groups or heteroatoms (such as N, O, S, B, P, and F) into
carbon materials has become a widely adopted strategy to
enhance energy and power densities. Compared to EDLC
materials and battery materials with EDLC characteristics,
pseudo-capacitive materials can achieve both high specific
capacity and rapid charge—discharge rates, prompting sub-
stantial research into pseudocapacitive materials and associ-
ated energy storage systems. Heteroatom-doped materials
have been extensively utilized in SCs; however, the heteroat-
om content alone does not solely determine the materials
performance. Incorporating heteroatoms into carbon materials
is crucial for modifying their electron-donor characteristics,
thereby adjusting the electrical and chemical properties of the
surface. This heteroatom introduction reduces charge transfer
resistance and enhances wettability, improving capacitive
performance.

Heteroatom doping is extensively researched and applied in
batteries, SCs, and oxygen reduction reaction (ORR), with
each type of dopant offering distinct advantages and chal-
lenges [123,124]. These heteroatoms introduce additional
active sites and advance the electrochemical features of car-
bon-based electrodes by enhancing wettability and facilitating
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faster electron and ion transport [125]. Accordingly, hetero-
atom-doped SCs exhibit higher capacitance, energy storage
capability, and improved stability, making them more efficient
and durable for energy-related applications [126]. The choice
of dopant, doping level, and the complexity of the doping
process play crucial roles in defining the performance of
carbon materials [123]. Optimizing the capacitance of doped
nanocarbon materials requires a deep understanding of the
electron affinity and electronegativity of the dopant compared
to those of carbon.

For instance, nitrogen doping improves electronic conduc-
tivity and creates more active sites, enhancing battery per-
formance and SCs surface wettability. However, it does not
play a direct role in conversion reactions, which can restrict
the storage capacity [127]. Sulfur increases interlayer spacing
but can lead to uneven distribution and reduced electro-
chemical performance. Boron enhances electronic conduc-
tance and ion adsorption in SCs but minimizes battery
improvement. Phosphorus enlarges interlayer distances and
enhances ion mobility, benefiting storage performance and
broadening SC electrode working windows. However, it can
reduce surface wettability and is challenging to integrate due
to its large size. Understanding these diverse doping mecha-
nisms is essential for developing highly efficient materials
[128-130]. Fig. 3 shows how different heteroatoms can be
incorporated into carbon structures to improve the perfor-
mance of SCs.

3.1.1. Nitrogen-functionalized carbon materials

In recent years, nitrogen has emerged as a main heteroatom
that rallies the competence of carbon-based materials for SCs.
The N-doped carbon can be developed via two main methods:
post-N doping and in situ [131]. The post-nitrogen doping
technique includes treating carbon materials with ammonia,
urea, or nitrogen plasma to combine N functional species into
the material [132-134]. This method is applied to various
porous carbon materials, including activated carbon, carbon
nanotubes, templated carbon, fullerene, and graphene. Instead,
the in-situ method uses N-rich precursors such as polyaniline,
polypyrrole, polyacrylonitrile, melamine analogs, and nitro-
gen-containing ionic liquids to synthesize nitrogen-function-
alized carbon materials directly [92,135]. The N 1s XPS

NITROGEN

SULFUR BORON

spectrum is one of the essential means for exploring the
mechanisms by analyzing the states of nitrogen atoms [136].
Typically, the structures of materials encompass four distinct
nitrogen configurations: pyridinic N, pyrrolic N, quaternary N,
and N-oxide [137,138]. From these, pyridinic-N and pyrrolic-
N are primarily accountable for faradaic behavior to give
pseudocapacitance [139]. Additionally, quaternary-N in-
creases the electronic conductivity of materials, which is ad-
vantageous for SCs [140]. Additionally, including nitrogen in
carbon-based materials can alter the electron distribution. This
enhancement in the interaction between active electrode ma-
terials and electrolytes leads to a substantial increase in the
active surface area available for electrolyte ions.
Furthermore, boosting ion transport is crucial for advancing
high-performance carbon materials. Hierarchical porous
structures play a significant role in this process by offering
smooth pathways for ion diffusion, enhancing the rate capa-
bility. Additionally, incorporating heteroatoms into the carbon
framework offers additional ion storage sites. Utilizing this,
Zheng et al. [141] employ N-doped porous carbon from
cultivated waste as electrodes for SCs. This study used ZnCl,
to create hierarchical pores and ammonium chloride to intro-
duce nitrogen into ginger-straw-based carbon. The resultant
carbon exhibited superior SCs properties, a high surface area
of 1186 m* g !, and 5.58% nitrogen. When used for Li-ion
capacitors, the device achieved an energy density of
214.6 W h kg at a power density of 373.5 W kg~ ' and
82.7% stability over 10,000 cycles. Chen et al. [142] devel-
oped hydrothermal carbonization (HTC) method to create
carbonaceous nanofibers (CNFs) and large-scale monolithic
hydrogels/aerogels. Using CNFs as templates, they produced
N-CNFs with graphitic frameworks by coating CNFs with
pyrrole (Ppy), polymerizing, and then carbonizing under N,
flow at temperatures of 500-1100 °C (Fig. 4a). The nitrogen
species and pore structures of CNFs depend significantly on
carbonization temperature. With the temperature rise, the
diameter of N-CNFs decreased slightly, and N-CNFs-900
showed many interstitial pores (Fig. 4b and c). XPS analysis
revealed nitrogen content percentages of 12.14%, 12.04%,
9.57%, 7.22%, and 4.02% for CNFs@Ppy, N-CNFs-500,
N-CNFs-700, N-CNFs-900, and N-CNFs-1100, respectively
(Fig. 4d). This approach successfully incorporated surface
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Heteroatom doped carbon materials towards high-performance supercapacitors

Fig. 3. Schematic representation of the different heteroatoms that can be doped into carbon to enhance SCs performance.



1844

/ \ Polymerization Carbonization

(NH,);8;0,

- 7

N,, 50@11ch X

PA. Shinde et al. / Green Energy & Environment 10 (2025) 1838-1862

CNFs Pyrrole CNFs@Ppy Nitrogen-
doped CNFs
PR, N
d € £ oo
CNFs-900 : 3
N-CNFs-11000 N |C o J = < i —s— CNFs-900
-CNFs-1100 & 3504 —o—CNFs@Ppy ‘o oo Gwsarey | —e—CNFs@Ppy
c » —<~ N-CNFs-500 084 3 T noeers | —4—N-CNFs-500
N-CNFs900 © N | o 300 ——N-CNFs-700 5o §oe Nowrn N-CNFs-700
- - —o— N-CNF$-900 i nawvioo| o N CNFe000
2 NCNFs-700 O N | § 2501 . NcnFst100 4 §0A6 LW T NCNFs1100
= 200 3 o2 11/},
g c > V7 -
g o o N § 1501 % S04 R S
£ S NCNFss0o || 3 toofesimET s No A
<
o %—— 3 sl §02 N
O cnesgey § N S g § B ooindeasasd ST
. y . Y y 0¥ y y v y O 0.0~
1000 800 60 400 200 00 02 04 08 08 190 "0 10 20 30 40 50 60 70 80 90 100

Binding Energy (eV)

oQ ;

D

N-MCNggq Jo/lg" 084

~ 15157 0.9
N-MCNgsg R
N-MCNggq Joflg= 090

0 800

Intensity (a.u.)

T600 2400 3200
Roman Shifts (cm™)

(=]

Pore Diameter (nm)

PFA/FP cice a-C/CP

A

nization

Formamide

solvothermal Carbe

activation

~ "}é&
“on HO=——0H " I—()
_iic pr—0- 1O,
S p _ﬁ\

<| I 100
2 Ma:ﬁ%
= 804 323234
2 08 T
- q:; 60 <06 10000
S BH ® %04
1 §o 1
Lo X
e ® (o @ 2 .
K 0.2
(Y o _ g @ 20
® 0o @ - o 0246810121
(/)] Time (s)
——r———————————— 0 v v r v
0 5 10 15 20 25 30 35 40 0 2000 4000 6000 8000 10000
Time (s) Cycle number

Fig. 4. (a) Synthesis protocol for N-doped CNFs. (b, c) TEM of N-CNFs-900, (d) XPS survey of CNFs@Ppy and N-CNFs. (e) N, adsorption—desorption isotherms
and (f) pore size distribution (inset: magnified 0—5 nm region) of CNFs-900, CNFs@Ppy, N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-1100. Reprinted
with permission from Ref. [142]. Copyright (2012) American Chemical Society. (g) The Raman spectra of the N-MCNs. Reprinted with permission from
Ref. [143]. Copyright (2015) Elsevier. (h) SEM image of Nitrogen-doped micro/mesoporous carbon net. Reprinted with permission from Ref. [145] Copyright
(2016) The Royal Society of Chemistry. (i) Synthesis protocol and mechanism for a-C/CP. Reprinted with permission from Ref. [146]. Copyright (2023) Elsevier.
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functionalities into carbon materials, where nitrogen-containing
species created active sites that improved the power density of
SCs. The N-CNFs displayed type IV N, adsorption—desorption
isotherms, signifying the occurrence of micropores and meso-
pores. The specific surface area increased from 293.63 to
562.51 m* g~ ' as the temperature increased from 500 °C to
900 °C before slightly decreasing at 1100 °C (Fig. 4 e, f).
Electrochemical studies showed that N-CNFs-900 had a
capacitance of 2020 F g~ at 1.0 A g~ ' and a small equivalent
series resistance. Thus, N-CNFs show great potential as elec-
trode materials for SCs. Zhao and coworkers [143] synthesized

N-functionalized microporous carbon nanoparticles (N-MCNs)
via a polymerization using terephthalaldehyde and m-phenyl-
enediamine in dioxane, with 3 mol L™ ! acetic acid as the
catalyst. The resulting polymer was carbonized at different
temperatures under the N, atmosphere for 4 h. The Raman
spectrum (Fig. 4g) exhibited two peaks at 1350 cm™' (D band)
and 1580 cm ™' (G band). The SCs characteristics were tested in
a 6 mol L' KOH electrolyte. Among the N-MCNs, N-
MCNB850 displayed the highest capacitance of 254 F g ! at
1 A g'. Wang et al. [144] prepared N-doped cellulose-derived
porous carbon fibers (N-CHPCs) by a bio-template method
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with cotton cellulose and urea. When used in large mass-
loading (12.8 mg cm™2; 245 um) aqueous SCs, the N~-CHPCs
demonstrated outstanding electrochemical performance with a
specific capacitance of 295.8 F g ' at 0.1 A g ' and excellent
durability. Micro/mesoporous carbon nets with N-doping were
effectively developed using block copolymer P123 and
dicyandiamide and TiO,. These carbon nets feature a substan-
tial surface area of around 2144 m* g~' and a good N amount of
roughly 8.25 wt%. The resultant material showed a highly
interconnected structure of disordered nanofibers, as seen in the
SEM image (Fig. 4h) [145].

In a recent study by Yan and coworkers [146], SCs per-
formance was investigated using cellulose-derived carbon that
was enhanced by two methods: coating with nitrogen-doped
carbon nanowire arrays and modifying the pore structure (as
shown in Fig. 4i). These electrodes offer several benefits, such
as being self-supporting and highly compatible with electro-
Iytes. They feature interconnected conductive fiber networks
and a robust porous structure with stable heteroatom-doped
carbon coatings. In SC performance tests, they achieved a
specific capacitance of 275.6 F g~ ' at a current density of
0.5 A g~'. Furthermore, the symmetric SCs reached an energy
density of 17.5 Wh kg=' and a power density of
12.3 kW kg~ '. The three-dimensional networks of nitrogen-
doped carbon nanotubes (N-CNT@CF) were fabricated using
electrospinning and CVD methods. The incorporation of
CNTs and nitrogen-doped CNTs into the carbon fiber net-
works, along with increased nitrogen content in N-CNT@CF,
enhances electronic conductivity and shortens the diffusion
path for electrolyte ions [148]. Wang and coworkers have
recently developed N-doped activated carbon from bean pulp
(BPC) using a one-step process that combines carbonization
and CO, activation at 1073 K [149]. An environment rich in
CO, promotes the transformation of nitrogen-containing
functional groups. CO, can interact with primary amines (R=
NH,), secondary amines (2R=NH), and tertiary amines (3R=
N), leading to the formation of amino acid-derived nitrogen
(amide-N), which subsequently converts into pyrrolic-N and
pyridinic-N.

Chen et al. [150] produced porous nitrogen-doped carbons
from bamboo shoots. Bamboo, known for its rapid growth and
abundance, is rich in nitrogen-containing compounds like
proteins and amino acids, making it suitable for N-doped
carbon production. Hydrothermal processing combined with
carbonization in an inert environment yielded porous nitrogen-
doped carbon materials without templates or additional
chemical activation. The material exhibited a substantial BET
surface area of up to 972 m? g~', a hierarchically inter-
connected porous architecture, and a consistent nitrogen
content of 3.0 at%. When employed as an electrode in
supercapacitors using a KOH electrolyte, this material
demonstrated a high capacitance of 412 F g~ ' and exceptional
cycling stability. Li et al. [5] reported N-doped activated car-
bon (N-AC) from corncob agricultural waste. This material
demonstrated a remarkable specific surface area of up to
2859 m* g, a tightly controlled pore size distribution, and a
nitrogen content reaching 4 wt%. When tested in hybrid SCs,

the N-AC delivered an impressive energy density of 230 Wh
kg~' at a power density of 1747 W kg~ '. The enhanced
capacitance was ascribed to the faradaic reactions involving
N-functionalized species and improved wettability of the pore
surfaces. Zhang and coworkers [147] reported flash Joule
heating (FJH) technology to synthesize N-doped carbon
nanotubes (N-CNTs). FJH technology offers significant ad-
vantages in synthesizing and modifying carbon materials
owing to its extremely short reaction times and low energy
ingesting. This technique does not require a catalyst or
particular gas and can be completed in a vacuum system
within 1 s. By adjusting the thickness of the PANI and the
discharge voltage during the Joule heating procedure, the
content of different nitrogen forms can be modified. Authors
developed N-CNTs from polyaniline-coated CNT. The sym-
metric SCs assembled with N-CNTs are illustrated in Fig. 4;.
Fig. 4k shows the GCD curves of the device from 1 to
10 mA cm 2. The durability performance was tested for 10000
cycles, where 83% capacitance was retained (Fig. 41).

Thus, the literature reports indicate that incorporating ni-
trogen into the carbon matrix significantly enhances the
electrical conductivity, surface wettability, and pseudocapaci-
tive properties of the active material, resulting in improved
energy storage performance. This integration creates a syner-
gistic effect by combining the structural advantages of carbon
with the electrochemical benefits of nitrogen functionalities,
positioning these materials as promising candidates for
advanced energy storage technologies.

3.1.2. Sulfur-doped carbon for supercapacitors

Due to its attractive properties, sulfur is gaining attention as
a heteroatom in energy storage device research [151]. The
nearly identical electronegativities of sulfur (y = 2.58) and
carbon (¢ = 2.55) result in a covalent bond between sulfur and
carbon that is essentially non-polar when doping occurs [152].
However, because the bond lengths of C-S differ from those of
C-C, sulfur doping favors the creation of thiophene with
carbon [153]. Additionally, sulfur doping can sometimes
induce curvature in the otherwise flat graphene sp” structure,
leading to some distortion in the aromatic system. Sulfur
doping in carbon materials presents more challenges than ni-
trogen doping due to sulfur's larger atomic size and similar
electronegativity to carbon. Despite these challenges, recent
advancements have highlighted sulfur-doped carbon materials
as highly promising for SCs. Incorporating sulfur atoms into
the carbon framework enhances the material's conductivity and
introduces additional active sites for charge storage. This
modification can significantly improve the specific capacitance
and energy density of SCs. Moreover, sulfur-doped
carbon materials demonstrate outstanding stability, making
them well-suited for long-term applications [154]. Yang and
coworkers [155] developed S-doped hollow carbon
spheres (SHCS) for potassium ion hybrid capacitors. Fig. 5a
illustrates the preparation process. The TEM picture shows
that SHCS are porous hollow carbon spheres with an outer
thickness of ~41 nm (Fig. 5a). The high proportion of C-S—C
and C-SO,—C in the S 2p XPS spectrum specifies that S was



1846 PA. Shinde et al. / Green Energy & Environment 10 (2025) 1838-1862

Do —-
:  HF Etching

HCS SHCS -
QCOHO®OOS @ -SO-

Intensity (a. u.)

174 172 170 168 166 164 162 160
Binding Energy (eV)

Hydrothermal
Carbonization #

Glucose 5-CS

KOH
Activation

Intensity (a.u.)
Intensity (a.u.)

160 162 164 166 168 170 172
Binding Energy (eV)

1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Fig. 5. (a) Schematics protocol for the development of sulfur-doped hollow carbon spheres (SHCS), TEM image, and XPS spectra of S 2p of SHCS. Reprinted with
permission from Ref. [155]. Copyright (2021) American Chemical Society. (b) HR-TEM and EDX of S-CNTs. Reprinted with permission from Ref. [156].
Copyright (2021) Elsevier. (c¢) Schematic protocol for S-doped nanoporous carbon spheres (S-NCS) Reprinted with permission from Ref. [157]. Copyright (2017)
Elsevier. (d) XPS and (e) Raman spectra of S-doped mesoporous carbon fibers. Reprinted with permission from Ref. [158]. Copyright (2014) Elsevier.



PA. Shinde et al. / Green Energy & Environment 10 (2025) 1838—1862 1847

covalently bonded to the carbon (Fig. 5a). The potassium ion
hybrid capacitors cell attained an energy density of
1356 W h kg™' at 17.7 kW kg~' with good cycling
performance.

Kim and coworkers [156] developed sulfur-doped CNTs
through the chemical vapor deposition (CVD) technique and
investigated the effect of doping on SCs performance.
Dimethyl disulfide was utilized as the sulfur-containing carbon
source. The STEM-EDX mapping of the S-CNTs synthesized
at 1000 °C showed diameters ranging from 28 to 30 nm and
CNT wall thicknesses between 8 and 10 nm. The images also
confirmed an even spreading of carbon, sulfur, and oxygen
throughout the S-CNT surface (Fig. 5b). The electrochemical
performance significantly improved after sulfur doping.
Another study by Liu et al. [157] developed sulfur-doped
nanoporous carbon spheres (S-NCS) containing 0.6% sulfur.
The synthesis was achieved through a high-temperature hy-
drothermal carbonization process utilizing sublimed sulfur and
a glucose solution, followed by potassium hydroxide (KOH)
activation (Fig. 5c¢). The S-NCS demonstrated impressive
performance with excellent specific capacitance and stability.
Sulfur-doped mesoporous carbon fibers, containing 14.0 at%
sulfur (29.4 wt.%), were synthesized from MgSOy-infused
porous whiskers as templates and sucrose as the carbon pre-
cursor. The ideal conditions for synthesis were determined to
be a calcination temperature of 600 °C, whisker templates
with a smaller diameter, and a carbon-to-template ratio of 1:5.
X-ray photoelectron spectroscopy analysis indicated that sul-
fur predominantly formed thiophene-S (C—-S—C) bonds
(Fig. 5d). Raman spectra indicated increased defects with
higher S content (Fig. 5e). When used as SC electrodes, these
fibers significantly increased specific capacitance with rising S
content, achieving 221 F g~ " at 10 mV s~ ' and retaining 95%
stability. The research highlights that sulfur-doped carbons
with higher sulfur concentrations exhibit significant potential
as electrode materials for SCs.

In another study by Deng et al. [159] sulfur-doped porous
carbon nanosheets (S—-PCNS) were created via the direct
carbonization and concurrent chemical activation of a cobalt
ion-impregnated sulfonic acid ion exchange resin. These S—
PCNS exhibit a three-dimensional interconnected network,
elevated graphitization levels, notable sulfur content, an
extensive specific surface area, and substantial mesoporosity.
SEM images reveal micrometer-sized graphene-like nano-
sheets forming 3D networks. HRTEM images demonstrated a
d-spacing of 0.33 nm, matching graphite's (002) Ilattice
spacing. Cyclic voltammograms of S—PCNS maintain a rect-
angular outline up to 1000 mV s~ ', representing capacitive
properties with fast charging and discharging. The GCD
curves reflect high charge—discharge efficiency. The S—-PCNS
displayed a specific capacitance of 312 F g~' at 0.5 A g .
The Nyquist plot displays a short Warburg-type line, indi-
cating easy ion diffusion in the S-PCNS, and the low-fre-
quency impedance spectrum is nearly vertical, suggesting
almost ideal capacitor behavior. Xue and colleagues [160]
reported that exceptional SC performance could be achieved
through the redox mechanism, which involves converting a

thiocarboxylic acid ester to a sulfone using an external current.
This transformation enables the sulfur-functionalized gra-
phene aerogel to achieve a maximum specific capacitance of
1089 F g ' at a current density of 1 A g~' while retaining a
notable capacitance of 833 F g~! even at 50 A g~'. Addi-
tionally, the material demonstrates a high energy density of
43 W h kg™ at a power density of 38 kW kg~ ', indicating its
capability to effectively provide both high power and high
energy density.

Even though sulfur-doped carbon materials perform a
crucial role in enhancing the performance of SCs, maintaining
structural stability during synthesis and operation is difficult
due to sulfur volatility. Uniform sulfur incorporation is com-
plex, and doped materials often face difficulties in terms of
conductivity and durability. Additionally, cost-effective and
scalable synthesis methods remain a challenge for widespread
applications.

3.1.3. Boron-doped carbon for supercapacitors

Unlike nitrogen and sulfur, boron doping in carbon ma-
terials remains less common, presenting a unique opportunity
for exploration in carbon research. Introducing heteroatoms
can induce defects in nearby sites due to uneven charge
distribution. For instance, substituting boron into a hexagonal
sp>-bonded carbon framework results in p-type behavior.
This substitution increases the density of hole charge carriers,
which modifies the band gap and enhances the material's
electronic properties and conductivity [161]. Boron doping
can be achieved through various methods, including boron
oxide (B,03), arc discharge, laser ablation, hydrothermal
synthesis, and CVD, etc. [162] B-doped graphene is gener-
ally produced by introducing boron through gas-phase sour-
ces, such as H3BOj; or BCl3, or by using autoclave treatments
in an inert atmosphere [163]. However, due to the low
reactivity of inorganic boron compounds and the high
toxicity of organic boron compounds, doping efficiency re-
mains low, making direct boron doping of carbon materials a
significant challenge. Additionally, boron-doped materials
often contain oxygen elements due to limitations in precursor
selection and the surrounding environment [164]. Boron and
nitrogen differ by just one electron, and borons atomic size is
similar to carbons. When carbon is doped with boron, its
structure remains unchanged, making it an excellent candi-
date for doping carbon materials [165]. By substituting car-
bon atoms with boron, which has three valence electrons,
boron acts as an electron acceptor in the carbon lattice. This
substitution shifts the Fermi level into the conduction band,
altering the electronic properties of the doped carbon.

Du and coworkers [166] synthesized B-doped carbon (B-
HPC) using a one-step calcination process with glucose as the
carbon source, boric acid to introduce boron, NaCl as a tem-
plate, and ZnCl, as an activation agent were employed
(Fig. 6a). The introduction of B surges the surface area from
446.62 to 781.21 m* g~ '. When B-HPC is employed for SCs,
it exhibits a specific capacitance of 379.9 Fg ' at 1 A g '
Umezawa and coworkers [169] prepared B-doped porous
carbon by directly carbonizing a boron-based covalent organic
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framework (COF-5). Fig. 6b demonstrates the synthesis pro-
tocol of porous carbon from COF-5. The resulting B-doped
porous carbon showed a high charge density of 15.3 puF cm >
when tested for SCs. Han and coworkers [167] reported a
solution-based approach to synthesize boron-doped graphene.
In this method, graphene oxide (GO) reacts with a borane-
tetrahydrofuran adduct, which serves as both a reducing agent
and dopant. After drying under mild vacuum conditions,
approximately 1 atom percent of boron could successfully be
incorporated into the graphene platelets. This process repre-
sents the first solution-based technique for producing boron-
doped graphene nanoplatelets for supercapacitor applications.
In a two-electrode system, the resulting boron-reduced gra-
phene oxide exhibited a high specific capacitance of 200 F g~
at a current density of 0.1 A g~ in an aqueous electrolyte. Li
and coworkers [168] prepared B-rGO using DBD plasma
technology at ambient conditions. Fig. 6¢ shows the synthesis
procedure. The FT-IR and XPS spectra were employed to
study the chemical composition of and surface chemistry of
the B-rGO (Fig. 6d and e). The analysis revealed a boron
concentration of 1.4 at%, resulting in an impressive capaci-
tance of 446.24 F g~ ' at 0.5 A g™, significantly surpassing the
performance of undoped graphene. In a recent report by Kim
and coworkers [170], B-doped graphene nanoplatelets were
synthesized by annealing GO nanoplatelets with B,O5. The
boron doping level and GO reduction were controlled by
varying the annealing temperature. The high boron concen-
tration of 6.04 + 1.44 atom% was obtained at 1000 °C. These
B-doped nanoplatelets unveiled a specific capacitance of

448 F g~ ', three times greater than that of pristine graphene
nanoplatelets (135 F g ").

Lu and coworkers [171] reported synthesizing boron-doped
carbon spheres using aerosol-assisted spraying (Fig. 7a).
HAADF-STEM and EDS mapping reveal the coexistence of C,
O, and B elements in the spheres (Fig. 7b). DFT calculations
show that B doping creates uneven electrostatic potentials,
enhancing the attraction of negative ions compared to pure
carbon (Fig. 7c). OH— adsorption energy is significantly higher
on B-doped carbon (—277.8 kJ mol_l) than on pure carbon
(—113.7 kJ mol™!), with additional atoms like O further
increasing this effect (Fig. 7d). B doping enhances KV
adsorption through stronger Van der Waals and electrostatic
interactions, improving overall capacitance (Fig. 7e). Figueir-
edo and coworkers [172] studied B-doping on SCs perfor-
mance of ordered mesoporous carbons. The SCs measurements
were carried out in 1 mol L™ H,SO,, and a high performance
was achieved for the electrode with 1.8 wt% boron.

B-doped three-dimensional (3D) cubic ordered mesoporous
carbon (B-OMC) was synthesized through a straightforward
bubbler-assisted chemical vapor deposition (CVD) technique,
using acetylene and triisopropyl borate on Fe-KIT-6 at 700 °C.
The produced B-OMC was tested for supercapacitor (SC) ap-
plications and showed a significant specific capacitance of
329 F g~ '. Additionally, a symmetric SC device assembled with a
1 mol L™! Na,SO, electrolyte achieved an impressive energy
density of 10.27 Whkg ™' and a power density of 300.59 W kg ™'
[173]. B-doped diamonds are commonly used as electrode ma-
terials in SCs due to their high ion-accessible surface area,
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durability, and excellent electrical conductivity. Diamond nano-
pillars were fabricated using an Au-mask-assisted reactive ion
etching technique. Raman and XPS analyses confirmed the
presence of sp>-bonded carbon among sp>-bonded carbon. While
sp> carbon contributes to enhanced electrochemical activity, sp>
carbon ensures increased stability during SC testing [174]. In a

separate study by Zhang and co-workers developed a nano-
composite of rGO-boron carbon nitride (BCN) for high-perfor-
mance fabric-based SCs. The combined effect of nanocomposite
hampers the restacking of rGO sheets, which ultimately offer
high surface area and electrolyte ion pathways. The rGO-BCN
fiber membrane with high flexibility was developed to construct
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solid-state flexible SCs. The SCs device achieved a high energy
density of 31.03 W h kg~' and 87.72% cycling stability after
10000 cycles [175]. Dey et al. [176] reported the synthesis of
Laser-irradiated B-doped graphene and constructed a symmetric
SC cell using water-in-bisalt (WIBS) electrolyte (12 mol L!
NaNOs + 0.1 mol L! KNOs;). The XPS analysis showed 4.01%
of B content in the graphene framework, and the symmetric SC
cell achieved a high specific capacitance of 102.45 mF cm™~ at
0.4 mA cm ™2 and decent cycling performance over 8000 cycles,
maintaining 100% Coulombic efficiency.

Boron-doped carbon materials enhance SCs performance
by improving conductivity, increasing specific surface area,
and introducing active sites for enhanced pseudocapacitive
behavior. However, there are challenges, including complica-
tions in synthesis methods, achieving uniform boron incor-
poration, and controlling its doping level to balance
conductivity and capacitive properties. Cost-effective, scalable
production and stability under long-term cycling in various
electrolytes remain critical hurdles.

3.1.4. Oxygen-doped carbon for supercapacitors

In energy storage and conversion research, the influence of
oxygen doping is still not fully understood, with few studies
examining its underlying mechanisms. Despite often being
overlooked, oxygen atoms play a crucial role in energy stor-
age, particularly with acidic electrolyte-based SCs and batte-
ries [177]. Different oxygen species can be introduced into
carbon electrodes depending on precursor type, treatment, and
activation processes. Although many materials naturally
contain oxygen, its effect on material properties is rarely
explained.
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According to the literature, the XPS spectrum of oxygen (O
1s) can be separated into three distinct peaks associated with
C-0, O—H, and C=0 bonds, found at 531.1 (= 0.2), 532.4 (+
0.3), and 533.8 (+ 0.3) eV, respectively [178]. Functional
groups containing oxygen, which can also incorporate addi-
tional heteroatoms or related groups, are commonly present on
the carbon surface. These groups significantly impact capaci-
tive performance by participating in faradaic reactions, which
enhance the specific capacitance of carbon materials in
aqueous SC systems.

Carbon materials contain a range of oxygen-based func-
tional groups that can be grouped based on their interactions
with water: acidic types (e.g., carboxyl and anhydride), neutral
or weakly acidic types (such as phenolic, epoxy, and ether
groups), and basic types (like quinone and carbonyl) (Fig. 8).
The properties of these groups are influenced by their atomic
hybridization, with sp*-hybridized oxygen atoms acting as
electron acceptors, while sp>-hybridized oxygen atoms tend to
donate electrons. These functional groups are distributed
differently within the graphite structure: double-bonded
groups such as carboxyl and carbonyl often appear at sheet
edges. In contrast, hydroxyl and epoxy groups are more evenly
spread. Double-bonded groups like carboxyl and carbonyl
disrupt the extended conjugation within graphite's hexagonal
ring system, requiring higher energy for their formation.
Consequently, unlike single-bonded carbon-oxygen groups,
they preferentially localize at the more reactive sheet edges.
The surface characteristics of carbon have a major effect on
the adsorption process. Hydroxyl and quinone groups are the
primary contributors to improved capacitance among oxygen-
containing groups. However, these groups also increase the
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Fig. 8. Typical oxygen species and oxygen-functional groups in carbon. Reprinted with permission from Ref. [179] Copyright (2023) Elsevier.
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internal resistance of electrodes, inhibiting electric double-
layer formation. In addition, the quasi-reversible redox re-
actions associated with these groups can degrade cycling
performance. Therefore, it is crucial to carefully design both
the types and amounts of oxidizing functional groups [179].

It was confirmed that O—H groups enable the adsorption of
Na™ ions, while C=O groups participate in a surface-redox
reaction with Na™ ions as,

C=0+Na'+e¢e & —-C—0—Na (4)

Furthermore, the dopant is an attractant for the OH group,
making the material more prone to oxidation and altering its
affinity for Na. This susceptibility can sometimes lead to
irreversible changes in battery performance due to the for-
mation of hydroxide or water. Calculations indicate that when
a doped graphene-based material is used as the sodium battery
electrode, the dopant type determines the optimal oxidation
level, thus impacting the material's Na ion storage perfor-
mance [180].

3.1.5. Fluorine-doped carbon for supercapacitors

Fluorine doping, or fluorinating carbon materials, involves
attaching fluorine atoms directly to the carbon surface rather
than incorporating them into the carbon lattice [181]. In some
2D carbon structures, fluorine atoms inserted between layers
increase the spacing, which helps in fast charge storage.
Among non-metal dopants, fluorine stands out with a high
electronegativity of 4.0, surpassing elements like chlorine
(3.0), bromine (2.8), and commonly used dopants such as ni-
trogen (3.0), sulfur (2.5), and boron (2.0). This results in a
highly polarized C-F bond, concentrating electron density on
the fluorine atom, a property that enhances the effectiveness of
fluorinated carbon materials as electrodes in SCs. The addition
of fluorine atoms boosts the charge storage ability of carbon
materials [182].

The charge storage mechanism in fluorinated carbon ma-
terials for electrochemical capacitors mainly relies on EDLC-
type storage, which involves the reversible adsorption and
desorption of ions, such as H;O™" ions, in the H,SO, electro-
lyte. Studies, including computer simulations and experi-
mental observations, show that in both aqueous and organic
electrolytes, the highly electronegative surface of fluorinated
carbon materials strengthens the interaction between electro-
Iyte ions and the carbon surface, resulting in enhanced EDLC
performance. The semi-ionic C—F bond, which is intermediate
between ionic and covalent bonds, is recognized as a critical
factor contributing to improved charge storage in fluorinated
carbon materials for SCs. The C-F bond can vary; the ionic
bond type shows weaker interaction, leaving the carbon atoms
close to an sp” configuration, while covalent C-F bonds are
more stable [181]. Fluorine-doped materials often exhibit an
acidic nature and act as electron acceptors. This property
contributes to fluorinated carbon materials stability and
improved electron transfer capabilities with semi-ionic C-F
bonds. Additionally, fluorine incorporation can lead to struc-
tural modifications in carbon materials, such as creating sur-
face wrinkles and pores. These features increase the specific

surface area, enabling more excellent charge storage and
higher specific capacitance in SCs.

In recent studies, fluorine-rich nanoporous carbons with
tunable porosity were synthesized using a silane precursor.
The polar fluorinated surface enhances wettability with
organic electrolytes, achieving a specific capacitance of
168 F g~ ' and excellent stability. The authors theoretically
demonstrated that incorporating fluorine atoms into carbon
clusters increases the electronegativity of the surrounding re-
gions, thereby modifying their interactions with electrolyte
ions (Fig. 9a and b). Fang and coworkers recently developed
fluorine-doped graphene sheets via electrochemical exfolia-
tion, which were used as electrodes in flexible wearable
supercapacitors (FSCs). These F-doped graphene nanosheets
possess atomic-level thickness, uniform lateral sizes of 1-
5 pm, and a fluorine doping concentration of 3.5 at%, making
them ideal for scalable production of flexible SCs (Fig. 9c).
The ionogel-based FSCs achieve a high operating voltage of
3.0 V, delivering an impressive areal energy density of
213.4 pWh cm 2 at a power density of 1.45 mW cm 2.
Furthermore, the F-doped FSCs demonstrate exceptional me-
chanical flexibility, retaining full capacitance even when bent
at 180°, and exhibit strong thermal stability up to 80 °C
(Fig. 9d and e) [184]. Zhou and co-workers [185] developed
fluorine-modified graphene nanosheets for ionogel-based
micro-SCs. Using electrochemical exfoliation, they simulta-
neously achieved intercalation and fluorination of graphene
nanosheets with fluorine-containing inorganic salts under
mild, neutral conditions. The resulting FG nanosheets exhibit
an atomically thin structure, large lateral dimensions of up to
12 pum, a high yield of over 70% with no more than 3 layers,
and uniform fluorine incorporation at 3 at%. The ionogel-
based micro-SCs delivered an energy density of 56 mWh
cm . The authors have shown that the fluorine incorporation
creates numerous electrochemically active sites, i.e., C-F
bonds, which thus provide additional pseudocapacitance. In
another study by Lu and coworkers, F-doped graphene aero-
gels were prepared by hydrothermal. The semi-ionic C-F
bonds formed during fluorination offered high conductivity
and enhanced electrochemical performance. The symmetric
SCs with a present material offered an energy density of
262 W h kg~ ' at a power density of 899 W kg~' [186].
Previous studies indicated that biomass-derived ACs suffer
from poor rate performance due to long ion diffusion pathways
and low mesopore volume. To address this, Kim et al. [182]
developed fluorine-doped mesoporous ACs while conducting
fluorine impregnation and KOH activation simultaneously
during carbonization. This approach significantly increased
the specific surface area to 2710 m* g~ ', much higher than
undoped ACs. The resulting material also achieved a high
specific capacitance of 184 F g~' and excellent rate capa-
bility, demonstrating that fluorine doping enhances SCs per-
formance. The improved electrochemical properties are
largely due to the synergistic effect between F atoms and
other heteroatoms. However, the impact and mechanism of F
atom doping on the electrochemical behavior of carbon
atoms remain unclear.



1852 PA. Shinde et al. / Green Energy & Environment 10 (2025) 1838-1862

24422 1 24422 '

T d ) Alternating Current
\,.":, 4, +10V,T=10s
L . &

o sl Ptfell\ é G/ra})hlte foil

< Graphene © Na* <% SO

X PFg

(¢

Voltage (V)
o o
()] [+ -]

o
F'

Time (s)

2504 g
£
(3] 1
uE.200< 2mA Cm‘z-—l o R
® | o
Q | /‘ .
§150] o o~ )
§ ‘ .// 20 mA cm
8 100
g |

15 20 < 20 30 40 50 60 70 80

Temperture (°C)

Fig. 9. (a) Simulated electrostatic potential surface for pristine graphene and F-doped graphene. Reprinted with permission from Ref. [183]. Copyright (2016) Elsevier.
(b) Synthesis protocol for F-doped graphene nanosheets, (c) AFM depiction for F-doped graphene nanosheets, and (e¢) GCD profiles of F-doped graphene at different
current densities across different temperatures and corresponding areal capacitance. Reprinted with permission from Ref. [184]. Copyright (2024) Elsevier.

3.1.6. Phosphorus-doped carbon for supercapacitors
Phosphorus (P)-doped carbon materials are gaining atten-
tion as effective electrode materials for SCs, thanks to their
improved electrochemical performance [187]. Incorporating P
into carbon matrices improves the material's conductivity and
introduces beneficial pseudocapacitance, contributing to
increased energy and power densities of SCs. This doping
process optimizes the material's electrical properties and in-
fluences its surface chemistry and electrochemical stability. As
a result, P-doped carbon materials have garnered significant
attention for their potential to advance SC technology, offering
improved performance and greater efficiency in energy storage
applications. P-doped three-dimensional hierarchical porous
carbons (P-3DHPCs) were recently synthesized using a direct
pyrolysis approach (Fig. 10a). The phosphorus species were
introduced into carbon during carbonization, which caused
pore structure development. SCs performance tested in 6 mol
L~' KOH electrolyte show a high specific capacitance of
367 Fg ' at 0.3 A g~ ! and a long cycling stability (96.5%
after 10,000 cycles at 3 A g_l) [188]. Monte and coworkers
[189] developed a P-doped carbon-CNT composite to attain
good SCs performance. SEM image (Fig. 10b) demonstrated
the development of a fibrillar network composed of multi-
walled carbon nanotubes (MWCNTSs) encased in carbon col-
loids. The electrochemical performance of the obtained ma-

terial was tested in a 2 mol L™ H,SO, electrolyte. The
electrode shows pseudocapacitive behavior, which was
assigned to the effect of phosphate moieties. P-doped carbon—
CNT composites presented a specific capacitance of 220 F g !
with energy densities of 22.6 W h kg ™' at a power density of
10 kW kg~ '. A carbon wood (CW) with a high phosphorus
content (9.24 at%) is obtained by phytic acid treatment on
porous wood [190]. Phytic acid's six negatively charged
phosphate groups deliver numerous cross-linking —sites,
allowing for significant phosphorus doping on carbon. The
symmetric SCs (SCs) made with P-3DHPCs showed a specific
capacitance of 206.5 F g~' at 1.0 mA cm ™2, 90.5% stability
after 20,000 cycles, and a high energy density of 41.2 Wh
kg~ ' at a power density of 26.3 W kg~ '. DFT analysis was
used to investigate the effects of phosphorus doping on edge-
passivated carbon. This analysis showed that the doped
phosphorus atoms function as positive charge centers, whereas
adjacent carbon and oxygen atoms, owing to their greater
electronegativity, exhibit characteristics of negative charge
centers (Fig. 10c). PDOS analysis shows that P and O atoms,
especially P2, and PS5, and select O atoms, have significant
electron distribution near the Fermi level, enhancing electron
exchange in reactions compared to carbon (Fig. 10d). Frontier
orbital analysis confirms that HOMO and LUMO are mainly
localized around doped and adjacent atoms. Phosphorus
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Fig. 10. (a) Synthesis protocol for the fabrication process of P-3DHPCs. Reprinted with permission from Ref. [188]. Copyright (2018) Elsevier. (b) SEM image of
P-doped carbon-CNT composite. Reprinted with permission from Ref. [189]. Copyright (2016) The Royal Society of Chemistry. (c) The optimized carbon layer
doped with P and O, with edge carbon atoms passivated by hydrogen. (d) Bader charge analysis: positive charges in red, negative in blue, with darker shades
indicating greater intensity. (¢) PDOS of p orbitals of P and O atoms and s orbitals of C atoms from structure (c). Reprinted with permission from Ref. [190].
Copyright (2021) Elsevier. (f) CV and (g) GCD curves for P-doped porous carbon. Reprinted with permission from Ref. [192]. Copyright (2021) Elsevier. (h) GCD
of P-TRG at different potential windows. Reprinted with permission from Ref. [193] Copyright (2015) Wiley-VCH Verlag GmbH & Co. KGaA.

doping enhances electrode material polarity and activity,
explaining high capacity in highly phosphorus-doped wood-
derived carbon (Fig. 10e).

Moreover, Lin and coworkers prepared P-doped carbon
from sawdust and phosphoric acid via a one-step carbonization
procedure [191]. The P-doped carbon materials developed in
this study feature a high surface area, a well-defined pore size
distribution, and consistent phosphorus doping, leading to
outstanding electrochemical performance. Specifically, the
PC-900 sample demonstrated a notable specific capacitance of
292 F g ' at a current density of 0.1 A g, and it maintained
98.3% of its initial performance after 5000 cycles in a 1 mol
L~" H,SO0, electrolyte. Additionally, the SCs device reached
an energy density of 10.6 Wh kg™' at a power density of
224.8 W kg~' with a discharge current of 0.5 A g~ '. In

another work, Ariharan and coworkers [192] reported self-
phosphorus-doped porous carbon (P-PC) from honey wine pod
fluff by direct carbonization without using the activation
method. The P-PC had a surface area of 756 m* g~ '. Fig. 10f
and g illustrate the CV and GCD of the P-PC. The CV curves
displayed an almost rectangular outline with minor redox
peaks, demonstrating a mix of EDLC and pseudo-capacitive
behavior. This pseudo-capacitance ascends from the carbon
surface's heteroatoms (P and O). The P-PC electrode achieved
a specific capacitance of 253 F g~ ' at 1 A g~', demonstrating
good rate performance and cycling stability.

Phosphorus doping boosts the pseudocapacitance and
broadens the potential window of carbon materials used as
electrodes in SCs, improving energy and power density.
Jurcakova et al. [193] synthesized phosphorus-doped graphene
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with a phosphorus content of 1.30 atomic percent by annealing
graphene with phosphoric acid. This P-doped graphene was
evaluated as a supercapacitor electrode in a 1 mol L™" H,SO,
electrolyte. The doped material demonstrated a remarkable
improvement in specific capacitance and cycling stability
compared to its undoped counterpart. Specifically, the phos-
phorus-doped thermally reduced graphene (P-TRG) achieved a
capacitance of 115 F g~ ' at a current density of 0.05 A g~ ',
significantly outperforming the undoped TRG-800, which
exhibited a capacitance of only 29 F g~ under the same
conditions. Furthermore, the P-doped graphene electrode
operated effectively across a broad voltage window of 1.7 V
(Fig. 10h), achieving an energy density of 11.64 Wh kg~' and
a power density of 831 W kg™, the material exhibits minimal
performance degradation (only 3%) after 5000 cycles at
5 A g~ ', even surpassing the water decomposition potential of
1.23 V. Table 1 shows recent advancements in heteroatom-
doped carbon materials and their electrochemical
performance.

Thus, the overall results indicate that heteroatom-doped
carbon materials have emerged as highly promising candidates
for high-performance SCs owing to their superior electro-
chemical characteristics. Incorporating heteroatoms introduces
defects and generates abundant active sites, enhancing con-

modifications boost electrochemical performance, including
higher specific capacitance and improved energy density. The
versatility in tailoring these properties by adjusting the type
and concentration of dopants allows for their optimization
across diverse energy storage applications.

3.2. Multiple heteroatom co-doped carbon materials

Co-doping offers a distinct advantage over single het-
eroatom doping in applications such as energy storage,
conversion, and electrocatalysis, which often focus on
enhancing just one specific property [126,194]. The com-
bined doping of multiple heteroatoms can boost the overall
performance of materials through synergistic interactions. As
a result, recent studies have increasingly explored the ben-
efits of dual or multi-heteroatom doping. However, precisely
managing heteroatom incorporation is essential for opti-
mizing surface characteristics and electronic properties.
Introducing multiple heteroatoms increases chemical
complexity, making controlled doping more challenging.
Techniques commonly employed for synthesizing dual-
doped carbon materials include hydrothermal methods, post-
treatment doping, pyrolysis, and chemical vapor deposition
(CVD), which are also utilized for single-atom doping ap-

ductivity, ion transport, and surface wettability. These proaches [195].

Table 1

Recent advancements in heteroatom-doped carbon materials and their electrochemical performance.

Materials Doping element Specific capacitance Cycle stability Ref.
N-doped graphene 6.62% Nitrogen 197Fg 'at05Ag™" 98% over 5000 cycles [208]
N-doped graphene 2.95% Nitrogen 2053 F g71 at 1 Ag! 92.5% over 3500 cycles [209]
N-doped graphene 7.2% Nitrogen 1446 Fg 'at02Ag! 90% over 500 cycles [210]
N-doped porous carbon 5.43% Nitrogen 281 Fg 'at0.05A ¢! 95.5% over 5000 cycles [211]
N-doped porous carbon spheres 6.5% Nitrogen 107Fg'atl Ag! 800% over 5000 cycles [212]
N-doped porous carbon/CNT 4.1% Nitrogen 324Fg 'at05Ag" 93.5% over 1000 cycles [213]
N-doped porous carbon 3.73% Nitrogen 263Fg 'at1 Ag! 96% over 10000 cycles [214]
P-doped mesoporous carbon - 312Fg 'at05A g ! 97.5% over 5000 cycles [215]
P-doped porous carbon - 22F g 'at0.1Ag! 98.3% over 5000 cycles [191]
P-doped porous carbon aerogels 2.02% Phosphorus 3488 Fg 'at5mV s 100% over 10000 cycles [216]
P-doped graphene nanosheets 0.68% Phosphorus 200Fg'at05Ag! - [217]
P-doped graphene 0.94% Phosphorus 3885 F g "at 1 mA cm? 99% over 10000 cycles [218]
S-doped graphene 3.47% Sulfur 320Fg 'at3Ag! 86% over 10000 cycles [219]
S Doped graphene 2 wt% Sulfur 261 Fglatl Ag! 90% over 10000 cycles [220]
S-doped porous carbon 5.2 wt% Sulfur 320Fg 'at02Ag! 99% over 10000 cycles [221]
B-doped porous carbon - 2856 Fg 'at1 Ag! 98% over 5000 cycles [222]
B-doped porous carbon 3.9% Boron 3799 Fg at1 Ag! 96.3% over 10000 cycles [166]
B-doped graphene 2.56% Boron 113Fg'atl Ag! - [223]
B-doped mesoporous graphene 12.9% Boron 336 Fg 'at0.1Ag! 93% over 5000 cycles [224]
N, P co-doped mesoporous carbon 210Fg 'at1.0A g! 90% over 3000 cycles [225]
N, P co-doped mesoporous carbon 210Fg 'at 1.0 A g 90% over 3000 cycles [225]
N, S co-doped graphene aerogel 5.4% Nitrogen, 1.1% sulfur 1694Fg 'at1.0A g 77.2% over 3000 cycles [226]
S, P co-doped graphene 5.8% Sulfur, 4.8% Phosphorus 438 Fglat 10 mV s~! 93.4% over 10000 cycles [227]
N, B Co-doped porous carbon 12.1% Nitrogen, 3.74% Boron 304Fg 'at01Ag! 93% over 10000 cycles [228]
N, B Co-doped porous carbon 6.63% Nitrogen, 7.27% Boron 341.5Fg ' at 0.5 A g 95% over 10000 cycles [229]
N, B Co-doped porous carbon 9.74% Nitrogen, 12.77% Boron 188 Fg'at05A g’1 90% over 10000 cycles [230]
N, B Co-doped porous carbon 7.1% Nitrogen, 8.4% Boron 268 Fg 'at0.1Ag! - [231]
N, F Co-doped porous carbon 8.9% Nitrogen, 2.6% Fluorine 354Fg 'at05Ag" - [232]
N, F Co-doped graphene 6.21% Nitrogen, 6.98% Fluorine 366 Fg™'at5mV s 98% over 10000 cycles [233]
N, F Co-doped graphene 2.56% Nitrogen, 1.14% Fluorine 3454Fglatl Ag! 96% over 10000 cycles [234]
N, F Co-doped porous carbon 12.1% Nitrogen, 7.8% Fluorine 326Fg'atl Ag! 100% over 10000 cycles [235]
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Several factors influence the SC performance. In addition to
having a porous structure, heteroatom doping is an effective
strategy to enhance the supercapacitive properties of carbon
materials. The role of these dopants is determined by their
chemical environment within the carbon framework, leading
to improvements in the capacitive performance in different
ways. For example, negatively charged nitrogen species can
act as Faradaic reaction sites, promoting pseudo-capacitance,
while quaternary nitrogen facilitates electron mobility within
the carbon lattice. Additionally, introducing dopants such as
sulfur, phosphorus, fluorine, and boron not only increases
pseudo-capacitance and enhances electrode surface wettability
but also improves the electronic conductivity of carbon by
altering the electron-donor or acceptor behavior of adjacent
carbon atoms [196]. Recent developments in co-doping and
multi-doping approaches have shown superior capacitive per-
formance. Carbon materials with various heteroatom dopants
also exhibit unique behaviors tailored to specific applications.
Generally, a higher concentration of heteroatoms results in
more exposed active sites, which benefits energy storage.
However, the precise location of the dopants is just as
important as their concentration, with their interaction influ-
encing overall material performance.

Theoretical calculations and experimental evidence have
demonstrated that heteroatom doping alters carbon materials'
electronic and chemical properties, thereby significantly
enhancing their electrochemical performance, increasing
interplanar spacing, and reducing structural disorder, leading
to improved specific capacitance and rate capabilities [197].
By leveraging the unique benefits and synergistic effects of
various heteroatoms, this approach can guide the synthesis of
multiple heteroatom-doped carbon materials with superior
performance.

3.2.1. N, S co-doping

N, S co-doped carbon stands out as a unique electro-
chemical material. Incorporating N atoms significantly en-
hances the conductivity of the carbon electrode, while S atoms
expand the carbon layer spacing, thereby boosting charge
mobility and facilitating access to active species. Conse-
quently, this material has been widely researched and finds
applications in different fields, including batteries, SCs, and
electrocatalysis.

A recent investigation by Gopalsamy et al. [198] demon-
strated N, S co-doped graphene nanoribbons as efficient ma-
terials for SCs. These materials were synthesized via a
straightforward in-situ thermal annealing process using gra-
phene nanoribbons along with N and S precursors. TEM im-
ages confirmed a uniform dispersion of N and S across the
wrinkled graphene nanoribbons. The resulting electrode
exhibited a specific capacitance of 442 F g~ at 0.5 A g™/,
with a remarkable capacitance retention of 98.6% after 10,000
cycles in a 1 mol L~ ! Na,SO, electrolyte. Additionally, the
symmetric supercapacitors achieved an energy density of
23.85 Wh kg~ ' at a power density of 448 W kg~ '. These
impressive results highlight the promise of dual-atom co-
doping for enhanced performance. In another study, banana

peel waste was carbonized and activated with KOH to produce
innovative nitrogen and sulfur co-doped, hierarchically porous
carbon materials (Fig. 11a). These materials exhibited a high
specific surface area of 2452 m* g~ ', with nitrogen and sulfur
contents of approximately 3.2 at% and 0.6 at%, respectively.
When tested as electrode materials for supercapacitors, they
showed a specific capacitance of 220 Fg™' at 0.5 A g 'ina
1 mol L™! Na,SO, electrolyte. The CV and GCD curves for
symmetric SCs cells are shown in (Fig. 11b and c). The
symmetric SCs achieved a notable power density of around
2690 W kg~' and an energy density of approximately 5.3 Wh
kg~ This research highlights using banana peels, a promising
waste resource, as a carbon precursor for synthesizing het-
eroatom (N, S)-doped carbons, demonstrating the potential of
biomass-derived porous carbons in energy storage applications
[199]. Biomass-derived carbons generally possess a hierar-
chical porous structure with naturally occurring N and O
heteroatoms but typically have low sulfur content. To improve
co-doping efficiency, a one-step carbonization method was
employed using bamboo shoot shells (BSS) and PEDOT,
which served as a sulfur source, to produce nitrogen and sulfur
co-doped carbon (NSPC). The synthesized NSPC performed
excellently, achieving a 30.60 Wh kg~' at a power density of
468.75 W kg in 1 mol L' EMIMPF, [200].

Hao and coworkers synthesized N and S co-doped 3D
mesoporous carbon cubes using KIT-6 as a template and
pyrrole as the precursor (Fig. 11d), achieving controlled
dopant levels (nitrogen 10.0-4.6 at%, sulfur 0.94-0.75 at%).
They evaluated the supercapacitive performance of the mate-
rial, which demonstrated an impressive capacitance of
320 F g 'at 1 A g~'. This high performance was attributed to
a combination of electrical double-layer capacitance and
pseudo-capacitance, enhanced wettability, and improved con-
ductivity due to the integration of N and S within the carbon
framework [201]. Wang et al. synthesized N, S co-doped
porous carbon nanobowls (with N and S contents of 3.3 and
1.7 wt%) using a one-pot condensation/carbonization method.
These nanobowls were formed by interfacial capillary
compression of carbon nanospheres, reducing voids and
enhancing bulk density while preserving a microporous/mes-
oporous structure. The high surface area and dual N, S doping
significantly boost specific capacitance and rate performance.
When tested in symmetric SCs, these materials showed a
volumetric capacitance of 273.4 Fcm > at 0.1 A g~ ', energy
density of 9.6 W h kg~ ', power density of 475.5 kW kg ™', and
maintained 92.4% stability after 50,000 cycles [202].

Thus, numerous studies indicate that sulfur doping com-
plements nitrogen doping, boosting carbon materials' charge
capacity and electrochemical performance. The incorporation
of highly polarizable sulfur can alter the charge state of
adjacent carbon atoms, thereby improving their overall
capacitive performance.

3.2.2. N, P co-doping

In P-doped carbon materials, the more extended P—C bond
than C—C while N-doping creates defects, leading to signifi-
cant structural distortion. The low electronegativity of P
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Fig. 11. (a) Synthesis protocol for the banana peels-derived biochar-based ACs with N, S co-doping, (b) and (c) CV and GCD curves of symmetric SCs cell.
Reprinted with permission from Ref. [200] Copyright (2020) Elsevier. (d) A schematic illustration of the synthesis process of N, S 3D mesoporous carbon cubes.
Reprinted with permission from Ref. [201]. Copyright (2014) American Chemical Society. (e) Schematic protocol for the synthesis process of carbon nanobowls.
(f, g SEM and TEM images of carbon nanobowls and (h) GCD curves for three carbon nanobowls electrode assembled SCs cell in series. Reprinted with

permission from Ref. [202]. Copyright (2018) The Royal Society of Chemistry.

causes charge redistribution with C atoms. This, combined
with N-P synergy, provides additional active sites and im-
proves ion accessibility, enhancing electrochemical
performance.

N, P co-doped carbon materials have attracted considerable
interest in being used as SCs electrode materials. Zhang et al.
[203] introduced an eco-friendly CaCOgs-assisted synthesis
method to produce nitrogen and phosphorus co-doped hierar-
chical porous carbons (NPHCs) with high N (8.72 at.%) and P
(4.44 at.%) content (Fig. 12a). Electrochemical testing of the
materials revealed a specific capacitance of 212 F g~ ' at
0.5 A g ' and excellent retention of 75% at a high current
density of 20 A g~'. Additionally, symmetric SCs constructed
with these materials achieved an energy density of 10.61 Wh
kg~! and maintained 86.3% capacitance after 10,000 cycles.
This study highlights how fine-tuning chemical composition
and pore architecture can significantly boost carbon electrode
performance. Qiu et al. developed P, N co-doped porous car-
bon through direct carbonization of phosphoric acid-treated
polyaniline. The resulting material features typical micropo-
rosity with a limited surface area and a narrow pore size range.
The study revealed that heteroatom doping and the formation
of heteroatom-containing functional groups are highly sensi-
tive to temperature changes. The P, N co-doped microporous

carbon (with doping levels of 2.7% N and 2.2% P) demon-
strated superior specific capacitance, a broader operating
voltage window, and improved stability compared to its non-
phosphorus counterpart. Moreover, it was shown that phos-
phorus doping and micropore formation play a crucial role in
enhancing supercapacitor performance [204]. Lin and co-
workers fabricated Nitrogen and phosphorus co-doped carbon
hollow spheres (NPCHSs) through carbonization and subse-
quent chemical activation, using dehydrated polypyrrole hol-
low spheres as the precursor and KOH as the activating agent.
The material is heavily doped with N (11.4%), and P (3.5%).
The NPCHSs form a typical 3D porous structure (Fig. 12b),
resulting in a high specific surface area of 1155 m* g~'. The
CV curves at different scan rates for NPCHSs in 6 mol L™!
KOH electrolytes are depicted in Fig. 12c. The electrode
achieved a specific capacitance of 232 F g™ ata 1 A g~
current density. The electrode retained 89.1% of its capaci-
tance over 5000 cycles, making it a promising electrode ma-
terial for SCs [205].

In a notable study by Bi and colleagues, nitrogen and
phosphorus co-doped porous carbon (NP-HPC) was synthe-
sized from melamine and phytic acid using in-situ K,COj3
activation, as illustrated in Fig. 12d. The SEM image
(Fig. 12e) reveals a well-defined 3D cross-linked structure
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with prominent macropores in the NP-HPC material. The
TEM image (Fig. 12f) also shows that the 2D carbon sheets
form the interconnected 3D network. This carbon framework
effectively prevents the stacking of carbon layers and provides
a conductive pathway, enhancing electron transport. When
tested as an electrode for SCs, the NP-HPC electrode achieved
a high capacitance of 358 F g~ ' at 0.05 A g~' [206]. Another
exciting study by Jia and coworkers demonstrated a strategy
that combines carbonization, activation, and heteroatom
doping in a single step (Fig. 12g). Pomelo peel waste was
utilized as the carbon precursor, and NH,H,PO, served as both
the activator and a dual dopant for N and P atoms. The
approach enabled the efficient synthesis of N, P co-doped
biomass carbon nanosheets (NPCNs). The uniform distribu-
tion of N and P in carbon nanosheets was clearly visible from
Fig. 12h. Furthermore, the bond structure was analyzed from

the XPS studies (Fig. 12i and j). The findings suggest that the
incorporation of P atoms into the carbon framework causes
nearby C atoms to be pulled out of the carbon lattice plane,
promoting the development of a layered structure in the
biomass-derived carbon material. Moreover, symmetric SCs
assembled with NPCNs offered a high energy density of
36 Wh kg~ and 86% capacitance retention after 30,000 cycles
[207].

Thus, the nitrogen and phosphorus co-doped carbon mate-
rials have shown great potential as electrode materials for SCs
due to enhanced conductivity, surface reactivity, and improved
electrochemical performance. However, challenges remain in
developing efficient, sustainable methods to achieve high
levels of heteroatom doping while maintaining optimal
porosity. Balancing these properties is crucial for maximizing
energy storage capacity and device durability.
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Overall results demonstrate that heteroatom-doped carbon
materials have garnered significant interest in SCs due to their
enhanced electrochemical properties. The introduction of het-
eroatoms induces defects and creates active sites that improve
conductivity, ion accessibility, and surface wettability, which, in
turn, leads to enhanced electrochemical performance, such as
increased specific capacitance and energy density. The ability to
fine-tune these properties by varying the types and concentra-
tions of heteroatoms makes these materials highly adaptable for
a wide range of energy storage applications.

However, despite these advantages, several challenges
remain. Excessive doping can destabilize the carbon frame-
work, compromising the structural integrity and negatively
impacting the long-term cycling stability of SCs. Although
doping improves surface wettability and increases the number
of electrochemically active sites, it can also reduce overall
electrical conductivity if too many defects are introduced or if
the doping levels are not optimized. Additionally, achieving
uniform and controlled heteroatom incorporation often in-
volves complex and resource-intensive synthesis processes,
which can hinder scalability for industrial applications.
Furthermore, while co-doping with multiple heteroatoms has
shown potential synergistic effects, a complete understanding
of these interactions remains elusive. The complex interplay
between different dopants can sometimes yield unpredictable
results, occasionally leading to performance degradation
rather than enhancement. Lastly, the fundamental mechanisms
of ion adsorption and charge storage in these doped systems
are not yet fully understood, which makes optimizing their
performance for practical applications challenging.

Addressing these challenges will require further research to
balance the benefits of heteroatom doping with its potential
drawbacks, alongside developing more cost-effective, scalable
synthesis methods.

4. Conclusions and future perspectives

In summary, this review highlights the crucial role of het-
eroatom doping in enhancing the electronic properties and
performance of carbon materials for SCs. Incorporating het-
eroatoms induces structural modifications in the carbon ma-
trix, introducing defects and increasing active sites, enhancing
electronic conductivity, ion accessibility, and surface wetta-
bility while reducing ion diffusion barriers. Additionally,
certain heteroatoms can actively participate in redox reactions,
further boosting supercapacitor performance. However, the
research in this domain is still in its nascent stages, with
several aspects yet to be fully understood. Continued investi-
gation into single and multi-doping strategies is essential for
developing next-generation SC materials. The influence of
different heteroatoms varies, making direct comparisons
challenging due to differences in doping levels, sites, and
configurations. Although the potential synergies from multi-
doping have been hypothesized, a comprehensive under-
standing of these interactions is still lacking.

Looking forward, several strategies can drive future
advancements:

(i) Enhancing specific capacitance through increasing the
content of suitable heteroatoms.

(i) Expanding the potential window and energy density by
selecting optimal heteroatoms that maintain specific
capacitance while improving overall electrochemical
stability.

(iii)) Leveraging advanced in situ characterization techniques
to gain deeper insights into structural changes, ion
adsorption, and charge storage mechanisms during
electrochemical processes.

(iv) Extending heteroatom-doped carbon materials beyond
conventional SCs to include cost-effective metal-ion
capacitors, such as sodium-ion and aluminum-ion sys-
tems, broadening their practical applications.

Despite these promising avenues, several challenges must
be addressed. Excessive doping can destabilize the carbon
framework, compromising structural integrity and adversely
affecting the long-term cycling stability of supercapacitors.
While doping improves surface wettability and the number of
active sites, it may also lower overall electrical conductivity if
excessive defects are introduced or if the doping concentration
is suboptimal. Achieving uniform and controlled doping often
requires complex and resource-intensive synthesis methods,
which can impede scalability for large-scale production.

Furthermore, while multi-doping with different hetero-
atoms has shown potential for synergistic effects, a clear un-
derstanding of the interactions between various dopants
remains elusive. The complex interplay between multiple
dopants can sometimes yield unpredictable results, occasion-
ally leading to performance degradation rather than enhance-
ment. Moreover, the fundamental mechanisms of ion
adsorption and charge storage within these doped systems are
not fully elucidated, complicating the optimization of these
materials for practical applications.

Ultimately, the future of heteroatom-doped carbon mate-
rials for SCs is promising due to their superior electro-
chemical properties and adaptability. Continued exploration of
diverse doping strategies, such as incorporating nitrogen,
sulfur, phosphorus, and boron, will further optimize their
electronic structure and surface chemistry, enhancing energy
density, power density, and cycle life. Developing scalable and
cost-effective synthesis processes is crucial to translating
these materials from research labs to real-world energy stor-
age applications, potentially revolutionizing fields such as
electric vehicles, portable electronics, and grid-scale energy
storage.

The potential applications of these materials in SCs are
vast, including electric vehicles, portable electronics, and grid
energy storage systems, all of which require rapid charge and
discharge cycles. Heteroatom-doped carbon materials also
address limitations in conventional capacitors, contributing to
more efficient, long-lasting, and environmentally friendly en-
ergy storage solutions. As research continues to explore new
doping combinations and fabrication techniques, heteroatom-
doped carbon materials are poised to play a pivotal role in the
future of energy storage technologies.
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