
Battery Energy 

REVIEW

Nitrogen‐Doped Graphene Aerogels for Supercapacitors: 
Advances in Synthesis and Electrochemical Performance 
Khaled Abdou Ahmed Abdou Elsehsah1 | Zulkarnain Ahmad Noorden1 | Norhafezaidi Mat Saman1 |
Noor Azlinda Ahmad1 | Mohd Faizal Hasan2 | Sharin Ab Ghani3 | Ayaz Ahmed1

1Institute of High Voltage and High Current, Faculty of Electrical Engineering, Universiti Teknologi Malaysia, Johor Bahru, Johor, Malaysia | 2Faculty of 
Mechanical Engineering, Universiti Teknologi Malaysia, Johor Bahru, Johor, Malaysia | 3Faculty of Electrical Technology and Engineering, Universiti 
Teknikal Malaysia Melaka, Durian Tunggal, Melaka, Malaysia

Correspondence: Khaled Abdou Ahmed Abdou Elsehsah (ahmed-a2@graduate.utm.my) | Zulkarnain Ahmad Noorden (zulkarnain-an@utm.my)

Received: 5 August 2025 | Revised: 18 December 2025 | Accepted: 30 December 2025

Funding: Universiti Teknologi Malaysia, Grant/Award Numbers: Q.J130000.5009.10G17, Q.J130000.5023.10G18

Keywords: energy density | graphene aerogel | nitrogen‐doped | specific capacitance | supercapacitor

ABSTRACT
Nitrogen‐doped graphene aerogels (NGAs) have attracted much attention as next‐generation electrode materials for super
capacitors because of their high surface area, excellent conductivity, and chemical tunability. Recent studies have confirmed 
how nitrogen doping can improve pseudocapacitive behaviour, wettability, and electron transport, thus significantly improving 
the specific capacitance, energy density, and cycling performance. This review analyses the different synthesis strategies, such 
as hydrothermal self‐assembly, sol‐gel polymerisation, and template‐directed synthesis, and shows the electrochemical per
formance obtained from both symmetric and asymmetric set‐ups. The best‐performing NGAs have demonstrated specific 
capacitances reaching 900 F/g, energy densities of over 60 Wh/kg, and long‐term retention exceeding 90% over 10,000 cycles. 
Nonetheless, multiple synthesis strategies are still limited by batch processing, excessive thermal demand, and difficulty with 
dopant homogeneity. Details on the electrode configuration and performance reported between studies are inconsistent, 
making direct comparisons challenging and hindering industrial translation. This review highlights the critical demand for 
scalable, greener synthesis protocols, standardised testing protocols, and systematic evaluations of the role of nitrogen species in 
capacitance enhancement. This work can be extended to dual‐doping, flexible electrode fabrication, and the incorporation of 
the doped material into practical device architectures. Such insights provide a basis for rationally designing high‐performance 
N‐GAs for supercapacitors.

1 | Introduction 

The need for energy storage devices has increased due to the 
rapid rise of portable gadgets, electric cars, and renewable en
ergy systems. These systems require high‐power energy storage 
technologies with extended cycle life and quick charge/dis
charge capabilities [1, 2]. Although lithium‐ion batteries (LIBs) 
remain unmatched in their energy density, the high energy 
density brings corresponding drawbacks, such as safety con
cerns, low kinetics, and short cycle life under high‐power 

expectations [3, 4]. Due to their widely improved power density, 
high charge‐discharge rates, and excellent cycle stability, su
percapacitors are considered an attractive complementary 
alternative [5]. They bridge the gap between conventional 
capacitors and batteries by combining fast energy supply and 
long cycling life, rendering them appropriate for high‐ 
performance applications [6]. Among the different types, the 
electric double‐layer capacitors (EDLCs) store charge electro
statically at the electrode‐electrolyte interface, and thus, the 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited. 

© 2026 The Author(s). Battery Energy published by Xijing University and John Wiley & Sons Australia, Ltd. 

1 of 33 Battery Energy, 2026; 5:e70083 
https://doi.org/10.1002/bte2.70083

https://doi.org/10.1002/bte2.70083
https://orcid.org/0009-0006-6854-3679
mailto:ahmed-a2@graduate.utm.my
mailto:zulkarnain-an@utm.my
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/bte2.70083
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbte2.70083&domain=pdf&date_stamp=2026-01-15


surface area, porosity, and conductivity of the electrode material 
strongly prescribe their performance [7, 8].

Because of their excellent stability and conductivity, carbon‐ 
based materials such as activated carbon, carbon nanotubes, 
and carbon nanofibers are being researched extensively as 
EDLC electrodes. Although there are many different types of 
carbonaceous materials, graphene, a two‐dimensional mono
layer of sp2‐bonded carbon atoms, has been appealing for var
ious supercapacitor (SC) applications due to its remarkable 
electrical conductivity, high specific surface area (~2600 m /g2 ), 
mechanical strength, and electrochemical stability [6, 9, 10]. 
These characteristics identify graphene as an electrode material 
with significant potential for SC applications.

However, in practical applications, the restacked or agglomer
ated graphene sheets reduce the effective surface area due to the 
limited accessibility of ions. These challenges were addressed 
with the development of 3D graphene aerogels (GAs). The 
aerogels have a 3D interconnected porous network that facili
tates ion diffusion, expands the electroactive surface area, and 
provides sufficient pathways for electron transport. Compared 
to conventional 2D graphene materials, GAs demonstrate ex
cellent conductivity, larger pore volume, and enhanced 
mechanical strength [10, 11]. Hence, GAs significantly increase 
the supercapacitor performance through higher electrolyte 
penetration and improved electrochemical kinetics. None
theless, even pristine GAs are limited to the EDLC behaviour 
and usually achieve moderate specific capacitance values 
(100–300 F/g) and thus do not exhibit pseudocapacitive char
acteristics [6]. One approach that has been explored to over
come this limitation is heteroatom doping, through which 
surface functionalities and redox‐active sites are elegantly 
incorporated [12, 13]. Doping the graphene lattice with different 
elements such as nitrogen, sulfur, or oxygen creates additional 
electronic states that enhance both capacitance and catalytic 
activity.

Out of the aforementioned heteroatoms that have been inves
tigated, nitrogen represents the most investigated dopant owing 
to a similar atomic size to carbon, high electronegativity, and its 
ability to integrate into the carbon lattice in various bonding 
configurations [1, 6]. The doping process is known to introduce 
lone electron pairs and localised positive charges on adjacent 
carbon atoms, which is known to improve the conductivity and 
promote the faradaic reaction. Indeed, pyridinic nitrogen has 
been found to be the dominant configuration responsible for the 
improved oxygen reduction reaction (ORR) activity and en
hanced charge storage capacity due to its localised electron‐ 
donating characteristics [2]. Additionally, nitrogen doping can 
also enhance the wettability of GAs and thus promote the 
transportation and access of ions to active sites. NGA prepared 
by hydrothermal treatment with ammonia has demonstrated 
improved conductivity, 8.4 at% N contents, and good electro
chemical performance with a specific capacitance of 223 F/g 
and stable cycling in acidic electrolyte [14].

Building on this, a multi‐gelation method was used to prepare 
nitrogen and sulfur co‐doped graphene aerogels (N, S‐MGA). 
Such N, S‐MGAs exhibited excellent electrochemical perform
ance, such as a specific capacitance of 486.8 F/g in 1 M KOH 
and a capacitance retention of 98.7% after 5000 cycles in a 
mixed redox electrolyte. Through the multi‐gelation strategy, 

the density and interconnectivity of the aerogel were enhanced, 
which had been one of the main challenges of ultralight func
tionalized GAs due to the intended low tap density and poor 
mechanical strength [1]. In addition, the combined nitrogen 
and sulfur doping promotes redox activity due to their syner
gistic pseudocapacitive effects.

This review provides a systematic assessment of NGAs, focusing 
on how nitrogen doping influences their structural, electrical, 
and electrochemical properties. This paper summarises recent 
experimental studies and highlights the critical roles of nitrogen 
configuration, doping level, and the synthesis strategy in the 
design of GAs for supercapacitors. The work presented in this 
article adds to the increasing understanding of how to optimise 
heteroatom‐doped carbon nanomaterials and demonstrates the 
high performance, scalability, cost‐effectiveness, and environ
mental compatibility of the nitrogen‐doped 3D graphene 
frameworks as SC electrodes.

2 | Fundamentals of Supercapacitors 

In a standard capacitor configuration, electrostatic energy is 
stored between two metal plates separated by a thin insulator. 
The capacitance (C) is given by the equation:

C A
d

= o r

where A is the surface area of the plates, d is the distance 
between the plates, o is the permittivity of free space, and r is 
the relative permittivity of the dielectric [15–17]. Normal 
capacitors have very low d (1 µm) and Various energy storage 
dev (1 m2), which limits the charge storage abilities. To solve 
this issue, SCs were engineered to minimise d and maximise A 
for effective energy storage in a relatively small volume. A 
schematic illustration of the conventional SC configuration 
shows an ion‐accessible separator sandwiched between two 
electrodes, all immersed in an electrolyte. Under an applied 
voltage, ions from the electrolyte move into the pores of the 
electrodes and accumulate at the interface, forming electric 
double layers (EDLs) with an incredibly small separation dis
tance (~1 nm). SC electrodes are mostly based on activated 
carbon materials, possessing 1000–2000 m /g2 specific surface 
area, accounting for their high capacitance. A normal capacitor 
retains roughly 0.003 F, whereas an SC is capable of storing 
about 50 F, which is significantly higher.

SCs possess many advantages, such as a much higher power 
and energy density than conventional capacitors, excellent 
cycling life (up to 1 million cycles), and good stability under 
extreme temperature conditions, even as low as −40°C
[15, 17–19]. The equivalent series resistance (ESR) is also low, 
typically ranging from 100 µ to 1 m , allowing instanta
neous power transfer without heat generation. Compared to 
SCs, batteries usually have an ESR in the 100 m range [20]. 
According to Végvári (2019), a battery is capable of emitting 
1000 W of heat when a current of 100 A is applied, but com
paratively, an EDLC would emit just 10 W under similar 
conditions. SCs further have lower voltage drops, which 
means that they will deliver a better output voltage at any 
required load. For example, a 10 A SC can be fully charged in 
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20 s and a 100 A SC in 2 s. Such charge rates are impossible to 
achieve with batteries. A Ragone plot that visually compares 
the performance of different energy storage technologies is 
provided in Figure 1 [21]. Conventional capacitors feature 
high power but low energy density, and batteries feature high 
energy density but low power, SCs are a hybrid between the 
two. Due to their low ESR, the charging of SCs can be done 
very quickly and at modest voltages with an almost linear 
charging curve.

2.1 | Classifications of Supercapacitors 

On the basis of their structure and working mechanisms, SCs 
can be divided into three types: electric double‐layer capacitors, 
pseudocapacitors, and hybrid supercapacitors [22–24]. Particu
larly, this paper will only deal with the EDLCs, which are the 
basis of the present research.

2.1.1 | Electric Double‐Layer Capacitors 

The separation of charges at the electrode‐electrolyte interface, 
which does not involve a chemical reaction, is what allows 
EDLCs to store energy [25, 26]. These devices utilise porous 
electrodes and ion‐permeable separators that allow ion move
ment while preventing short circuits. Energy storage is depen
dent on both the electroactive surface area of the electrodes and 
the structure of the device. Optimising pore size to correspond 
with the size of solvated electrolyte ions enhances ion accessi
bility and hence increases specific capacitance [27]. Within 
EDLC, electrolytes play an essential role in the performance 
and are generally classified into three main categories: aqueous, 
organic solvents, and room‐temperature ionic liquids (RTILs). 
While aqueous electrolytes have high permittivity and low ESR, 
they are limited by a small electrochemical stability window 
(∼1 V). Going beyond this limit will lead to water splitting, 
which in turn decreases energy density. While employing 

organic solvents (e.g., acetonitrile‐based systems) enables the 
use of higher voltages (up to 2.5 V) and better energy density, 
safety problems, including flammability and toxicity, are 
observed. RTILs offer an alternative with high electrochemical 
stability windows, low volatility, and improved thermal stabil
ity, which allows them to operate in different environments 
[28–31].

The electrical double layer has been modeled via several ap
proaches. The earliest, the Helmholtz model (1853), con
ceptualizes the EDL as two rigid layers of opposite charge in 
infinitesimal separation. Yet, the details of ion mobility as well 
as thermal motion were neglected [28, 32]. Later, macro‐scale 
theories of the EDL, introduced by Gouy (1909) and Chapman 
(1913), incorporated ion diffusion and thermal energy, estab
lishing a model with the concept of a diffuse layer [33]. The 
Gouy‐Chapman model predicts that ion concentrations near a 
charged electrode surface increase indefinitely with surface 
potential. This unrealistic expectation arises from the oversight 
of ion‐ion interactions in the mean‐field approximation. Stern 
(1924) presented an enhanced model that integrates the 
Helmholtz and Gouy‐Chapman frameworks to overcome these 
constraints. It presents two separate regions: the Inner Helm
holtz Plane (IHP), where ions are attached to the electrode 
surface, and the Outer Helmholtz Plane (OHP), where solvated 
ions diffuse gradually into the bulk. Whereas the Stern model 
incorporated finite ion sizes and adsorption effects, the model 
will be more appropriate for high ionic strength systems 
[34, 35]. However, this model is a simplification that overlooks 
or neglects multilayer adsorption and hydration phenomena. 
Molecular dynamics simulations can take such factors into 
consideration, and thus, modern approaches can also model 
more realistic EDL [36–38]. Compared with batteries, EDLCs 
can reach a power density of 15 kW/kg (one order of magnitude 
higher than the 1 kW/kg of batteries) and a cycle life of over one 
million cycles [39–41]. The energy and power density are 
mathematically represented as:

FIGURE 1 | Ragone plot for voperatingarious energy storage devices. Reproduced under the terms of the CC BY‐NC‐SA 4.0 license [21]. © 2017, 
The Author, University of Surrey. 
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E C V= 1
2 T

2

P V
R

=
4

2

Where CT is the total capacitance, and R is the ESR. Electrodes, 
electrolytes, separators, and current collectors all contribute to 
ESR [28]. At low electrolyte concentrations, it is still the Stern 
layer that accounts for most of the capacitance. As ionic 
strength increases, ion diffusion becomes the controlling factor, 
influencing the resistance and energy density. To make CT
better, both capacitance contributions from both electrodes 
need to be increased.

2.1.2 | Pseudocapacitors 

In contrast to EDLCs, energy in pseudocapacitors is stored 
through Faradaic processes that involve electron transfer and 
redox reactions [42]. These reactions take place at the electrode‐ 
electrolyte interface and include underpotential deposition, 
surface redox reactions, and ion intercalation mechanisms [43]. 
Among these, underpotential deposition is not widely used due 
to limited voltage windows and high‐cost materials [44]. More 
frequently, charge transfer at the electrode surface is reversible 
and can be described as a surface redox process. Pseudocapa
citive behaviour often results in nearly linear profiles in CV and 
GCD measurements due to the rapid and reversible charge 
transfer facilitated by Faradaic reactions. Most of the intrinsic 
pseudocapacitive materials (i.e., RuO2 and MnO2 show rapid 
and reversible redox behaviour resulting from more than one 
oxidation state, leading to the fast transport of redox ions [45]. 
Hence, the following equation shows a sample reaction in the 
context:

MnO xA xe A MnO A+ + ( is an alkali metal cation)x2
+

2

Ion intercalation, which is achieved by ions entering the lattice of 
the electrode material, is known to have faster energy storage and 
a longer life span. Cycling stability is much higher, and energy 
storage is higher as well, with materials such as MXenes. For 
instance, the 3D V O @PPy2 5 network prepared by hydrothermal 
reduction and freeze‐drying reported elevated energy and power 
densities [46]. In yet another work, networks of carbon nanotubes 
and graphene fibers provided a specific capacitance and stretch
ability of 138 F/g and 800%, respectively [47]. Despite these ad
vantages, pseudocapacitors typically demonstrate inferior energy 
densities relative to batteries, which persists in constraining their 
practical utility in energy storage systems.

2.1.3 | Hybrid Supercapacitors 

Hybrid supercapacitors (HSCs), which aim to combine the high 
power density of EDLCs with the superior energy density of 
pseudocapacitors, have been developed. While EDLCs usually 
provide high‐power output but low‐energy storage, pseudoca
pacitors have higher energy density at the cost of power and 
cycling stability. Incorporating both technologies, HSCs com
bine the high power of EDLC‐type carbon materials with the 
higher energy density provided by Faradaic, battery‐type 

materials, thus delivering fast charge‐discharge rates along with 
enhanced energy storage. This makes them appropriate for 
applications requiring both high power and long‐term en
durance [45, 48, 49]. HSCs are usually divided into symmetric 
and asymmetric. For symmetric HSCs, electrodes are fabricated 
from different materials that share the same charge‐storage 
mechanism, while for asymmetric HSCs, the preference is for 
using differing electrode materials and mechanisms, which 
would help optimise performance. An extensively documented 
strategy is to substitute lithium‐intercalated graphene for a 
carbon‐containing EDLC electrode in an organic electrolyte 
system [50–52]. As one of the earliest HSC designs, this 
configuration inspired a variety of derivatives with different 
material combinations.

Hollow nanostructures are often adopted as structures in HSCs 
to enhance surface area and charge transport. As illustrative 
examples, double‐shelled hollow structures with inner and 
outer shells of carbon nanotubes and carbon sulfide, respec
tively, constitute strong battery‐type electrodes. It has been used 
as a positive electrode with a different negative material to 
assemble a device that works at 1.6 V, delivering high energy 
and power density and retaining 88% of its capacity after 10,000 
cycles [53]. Advancements in the field showed the stabilisation 
of Li Ti O4 5 12 (LTO) on carbon nanofibers through sol‐gel syn
thesis. In conjunction with activated carbon electrodes, this 
configuration led to cellular‐level improvements in charge‐ 
discharge rates through better interactions on the molecular 
level [54, 55]. It shows close to 100 percent columbic efficiency, 
four times greater than theoretically activated carbon capacity, 
and low degradation. It retains a stable potential (∼1.55 V), 
minimises volumetric expansion, and exhibits stable perform
ance at low temperatures down to −40 °C, with the resultant 
hybrid system offering capacitance of 1100–2000 F at 1.4–2.8 V 
operating voltages.

A comparison of structural and electrochemical features of 
different types of supercapacitors is provided in Table 1.

3 | Materials of Interest 

In research over the years, many materials have been shown to 
be critical and capable materials that can be used in the con
struction of SCs, but in recent years, carbon‐based materials 
have been seen to have gained increasing recognition as these 
materials have been identified to have significant potential and 
can be used for different applications in different sectors 
[63–65]. Many carbon‐based materials, such as carbon sheets, 
nanotubes, and fibres, have been utilised over the years to op
timise SC performance through advances in both processing 
techniques and material morphology. One approach taken is 
the mass production of 3D porous carbon nanosheets made 
from natural materials such as tree bark. The approach has 
been able to show improvements to properties, especially the 
specific capacitance, which reaches 340 F/g, which is an 
improvement and is also a green and non‐toxic approach that 
would help in the creation of electrodes that can have high 
performance but at the same time are more sustainable [66]. 
While there is more research into different materials, the use of 
graphene for various applications has gained interest and more 
focus, which has led to this evolution.
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3.1 | Graphene 

Graphene, the most widely studied two‐dimensional carbon 
allotrope, is a monolayer of carbon hexagons. This material is 
the thinnest material known and consists of a one‐atom‐thick 
layer of carbon atoms [67]. With an extremely high specific 
surface area of 2630 m /g2 , it also exhibits remarkable 
mechanical strength (1 TPa). Although graphene is completely 
thin, it has very good structural strength, as well as very high 
thermal conductivity, about 5 × 10³ Wm K1 1, and electrical 
conductivity of up to 10⁶ S/m, making it one of the most con
ductive materials discovered so far [67]. The material could also 
be in the form of 3D nanotubes, which face a lot of issues linked 
with restacking, but these nanotubes can be converted into 
aerogels that maintain a stable 3D network without the re
stacking observed when they are reduced using chemical or 
thermal reduction [11]. This issue of restacking arises from 
interactions between graphene layers mediated by van der 
Waals forces, which are mitigated by chemical bonding during 
synthesis. The structure in this form is known to help improve 
electrical conductivity, along with providing increased charge 
transport between the layers, and this leads to an increase in the 
surface area.

Graphene oxide (GO), although having a lower surface area 
than pristine graphene, is frequently used in supercapacitor 
applications as a common constituent in building electrodes. 
The high capacitance of the synthesised GO is primarily due to 
the presence of oxygen‐containing functional groups on its 
surface, allowing for excess charge storage. GO, while still 
retaining most of the properties of graphene, retains much 
better cyclic stability (i.e., the property of enduring charge‐ 
discharge cycles) than pristine graphene, and the low cost of the 
material makes this an even better candidate compared to 
graphene. Graphene is an excellent substrate for other active 
materials, such as faradic materials with pseudocapacitance 
properties, due to its high conductivity and mechanical property 
stability [11]. Figure 2 represents an overview of the various 
structures of graphene‐based nanomaterials.

There has been an increasing number of studies that focus on 
the pure form of graphene as a result of its high potential, 
especially in the use in lithium‐ion‐based hybrid systems [69]. 
Because these materials demonstrate superior electrochemical 
properties, high surface area, and mechanical strength, re
searchers are showing increasing interest in them. That said, 
while these have been proven theoretically, their implementa
tion has been slow as a result of challenges in handling the 
material and limitations like aggregation and restacking, which 
are known to have a big impact on the surface area. In order to 
overcome the situation, authors or researchers are said to have 
developed an activated form of graphene that has a surface area 
of 3100 m /g2 and a pore size that ranges from 0.1 to 10 nm. 
The material was obtained via microwave irradiation of GO, 
followed by KOH activation and heat treatment at 800°C
(microwave‐exfoliated graphite oxide, MEGO). The use of this 
material as a cathode while using graphite in the form of the 
anode in the hybrid system, being operated at 4 V, showed a 
specific capacitance of 266 F/g, along with an improved energy 
density of 53.2 Wh/kg [70].

However, Gokhale et al. (2014) have pursued an alternative 
direction by investigating the development of high surface area T
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and interconnectivity 3D graphene‐based porous carbon mate
rials. They adopted the pyrolysis of customized oligomers 
method to fabricate 3D graphene cages. Such an architecture 
was beneficial for fast ion conduction and increased ionic 
conductivity. Under standard conditions, a peak energy density 
of 63 Wh/kg was achieved, owing to the interconnected pores 
that enhance ion diffusion and charge storage [71]. From pre
vious findings in the study, it is found that an energy density of 
45 Wh/kg can be maintained with a life cycle of 5000 for the 
trigol‐reduced GO, which would act as the negative electrode, 
while LTO would be the positive one [72]. In another study, the 
researchers developed a 3D graphene hydrogel that was to work 
as the negative electrode and then paired with a TiO2‐Nanobelt‐ 
Array positive electrode. The device exhibited 82 Wh/kg of en
ergy density at a power density of 570 W/kg. It could still 
maintain an energy density of 21 Wh/kg at an ultra‐fast charge/ 
discharge rate of 8.4 s. The strong performance was ascribed to 
the rapid lithium‐ion transport within the 3D graphene 
framework, which offered a high surface area and conductivity 
[73]. Defects in graphene are shown in Figure 3.

In 2015, researchers created a 3D porous graphene macro
structure (PGM) via hydrothermal treatment of GO aqueous 
suspension, followed by freeze‐drying. This PGM showed a 
persistent 3D interconduction network and had a specific sur
face area of 373 m /g2 and a clear hierarchical structure of 
micro‐, meso‐, and macropores. As the positive electrode in an 
HSC, combined with an LTO/C composite used as the negative 
electrode, the maximum energy density was 72 Wh/kg at a 
power density of 650 W/kg. At 10 A/g, it also maintained 65% of 
its energy density after more than 1000 cycles. The PGM also 

exhibited an interconnected conductive network and a micro
porous structure, which significantly facilitated its electro
chemical performance [75].

In particular, graphene‐based materials have been used for their 
superior electrochemical performances, including high specific 
capacitance, energy density, and rate performance. Among 
these different strategies, one of the most effective is to integrate 
three‐dimensional, macroporous structures to boost the overall 
performance of materials used in multiple energy storage 
devices. However, there are a few barriers to their real‐world 
applications, such as materials compounding and low cycling 
stability. Table 2 also highlights the SC performance for some of 
the popular graphene‐derived electrode materials.

3.2 | Graphene Aerogel 

Despite the potential benefits of graphene/polymer composites, 
one of the major challenges encountered in combining these 
two materials is that the theoretical performances are often not 
reached, mainly due to dispersion and aggregation issues. 
Insufficient dispersion leads to strong van der Waals interac
tions, which contribute to restacking and the aggregation of 
graphene sheets in polymeric matrices. Hence comes the 
necessity to create a 3D structure of graphene that will utilize 
functions of its properties more extensively [10]. Among these 
3D structures, such as microporous films, hydrogels, and 
aerogels, aerogels have shown the most potential and promise 
since their known porosity is approximately 90%–99%, and their 
density is very low, approximately 3 kg/m3 [78–81]. In addition 
to this, the materials were also seen to have a lower thermal 

FIGURE 2 | Graphene schematic diagram. Reproduced under the terms of the CC‐BY license [68]. © 2019, The Authors, published by MDPI. 
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conductivity, which is observed at ambient room temperature, 
in addition to lower refractive indices and a low dielectric 
constant. Figure 4 shows the typical procedure followed for the 
synthesis of GA [82].

Graphene aerogels (GAs) have a unique structure with a 3D 
interconnected porous network of graphene sheets. In addition 
to this structural configuration, the intrinsic properties of the 
graphene sheets also play a critical role in governing the bulk 
properties and performance of the aerogel. How these sheets are 
arranged, their size, and proportion are all key in determining 
the manner in which they behave as a material and what 

functions they are capable of carrying out. They usually present 
a porous structure that is generally obtained by a combination 
of preparation techniques, namely, hydrothermal synthesis or 
chemical reduction with freeze‐drying or supercritical drying. 
These methods create a 3D network structure, which is 
important for energy‐related materials to facilitate ion diffusion 
and rapid electron transport, according to Zhang et al. (2021). 
The study claims that hybrid aerogels developed or obtained via 
freeze‐drying or, alternatively, via the CVD method feature 
increased mechanical stability and structural firmness. In 
addition, GAs also have between 400 and 700 m /g2 of specific 
surface area and are, therefore, ideally suited for use in SCs. 

TABLE 2 | Graphene material performance.

Material/Structure

Specific 
capacitance 

(F/g)

Energy 
density 

(Wh/kg)

Power 
density 
(W/kg)

Cycle sthe 
electrochemical 

charactability Remarks Study

Activated 
Graphene (MEGO)

266 53.2 — — High surface area of 3100 m /g2

with 0.1–10 nm pore size.
[70]

3D Graphene Cage — 63 — 5000 cycles High surface area with the 3D 
interconnected porous 
network.

[71]

3D‐Graphene 
Hydrogel

— 82 570 — Retained 21 Wh/kg at an 8.4‐ 
second charge/discharge rate.

[73]

3D Porous Graphene 
Macroform (PGM)

— 72 650 65% retention after 1000 
cycles at 10 A/g

3D continuous network with 
abundant micro, meso, and 
macropores.

[75]

RGO + MnO2 Hybrid — 10.03 2530 69% retention after 10,000 
cycles

Hybrid system using aqueous 
Na SO2 4 electrolyte.

[76]

Pre‐lithiated 
Graphene 
Nanosheets

168.5 61.7 222.2 74% retention after 300 
cycles

Compared to graphite, 
graphite has superior 
conductivity and a high 
surface area.

[77]

FIGURE 3 | Defects in graphene. Reproduced with permission [74]. © 2015, Elsevier Ltd. 
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Moreover, flexible and portable regulations are also achieved 
from the lightweight structure and high mechanical integrity. 
GAs stand out because of their unique structural properties. 
One of the key features that makes these a few of the lightest 
materials known is their ultra‐low density, which is highly 
beneficial in other applications that require low weight, like 
portable and flexible energy storage devices. This is accompa
nied by a large surface area accessible for charge storage, 
attained by multiple fabrication techniques [10, 83]. Further
more, the highly conductive network of graphene sheets en
sures excellent conductivity for fast electron transport, which is 
essential for high‐power energy storage systems. These other 
interesting properties of GAs, including mechanical strength 
and high mechanical strain‐bearing capability, also enable 
possible practical applications for these materials [73].

The exceptional properties of GAs come with various limita
tions that need consideration. Their excessive porosity leads to 
structural instability despite being suitable for ion transport. 
Their brittleness shortens service life because they experience 
mechanical failure through cyclic stress or external loading. 
Furthermore, pure GAs usually encounter inhomogeneous 
structures after synthesis, exhibiting fluctuating mechanical 
and electrochemical properties. Moreover, these graphene 
sheets can often restack upon each other, limiting the reachable 
surface area and, in turn, limiting the performance. This chal
lenge has led to investigations of strategies to improve the 
mechanical stability and uniformity of graphene‐based aerogels. 
There are some drawbacks to pure GAs in terms of structure, 
but many efforts have been made to stabilize them through the 
incorporation of polymer/metal ions. The polysiloxane poly
mers employed are particularly beneficial because, in addition 
to expanding the mechanical durability of the aerogels, these 
cross‐linked networks also restrict the aggregation of the gra
phene sheets, thus creating a more uniform distribution. PANI 
is one of the most common polymers that can be used to 
achieve this goal, as it increases the mechanical flexibility along 
with the stability of GAs. Moreover, metal ions are added to 
generate the so‐called metal‐ion–filled or open‐framework 
aerogels, which stabilize the aerogel either by supporting 
weak zones directly or by making the complete structure more 
rigid. This integration is also fundamental for the fabrication of 

aerogels with improved mechanical performances and to help 
evaluate their supercapacitive behaviour [83, 84].

Over the years, studies have shown that polymer composites 
developed solely from smaller graphene sheets tend to exhibit 
lower mechanical properties [85, 86]. Microscopic imaging of 
this structure has shown that the small flakes often struggle to 
achieve a highly tight, uninterrupted wall structure, and that 
the wall surface usually has numerous joints that can overlap 
along defects within the structure [76]. This can lead to the 
conclusion that glass fibre‐reinforced polymer composite is 
capable of showing reduced compressive modulus as well as 
reduced yield stress, and the GA fabricated from this would 
have a thickness as low as 20 μm while retaining its elasticity, 
and is also capable of fully recovering or retaining its initial 
shape even when it is subjected to nearly 80% compression 
strain. The graphene flakes are also responsible for the in
hibiting effect on mechanical characteristics, and the afore
mentioned results successfully reproduce these properties 
across multiple investigations, thereby validating the observed 
alterations and performance [87, 88].

GO has several oxygen‐containing functional groups, which can 
decrease the direct contact between graphene flakes and thus 
improve the structural stability of the material. To enhance 
performance, these functional groups can be removed during 
synthesis [89]. In the case of GAs, using annealing has been 
proven to be effective in removing oxygen groups. It is, of 
course, directly related to the significant enhancement of the 
elasticity of the material. Furthermore, annealing promotes 
interlayer spacing in graphene sheets, which enhances inter
layer bonding and thus aids the mechanical integrity of the 
structure. This interlayer leads to the development of a GA 
material, which would have lower density but higher and im
proved mechanical properties, and the high‐temperature treat
ment would also increase covalent cross‐linking, along with 
breaking down the bond between carbon and oxygen groups, 
which further strengthens the carbon‐carbon bonds. Covalent 
bonding in aerogels is responsible for the presence of structural 
defects, and this leads to enhanced tensile and compressive 
strength when compared to those GAs that do not have any 
covalent bonds [90].

FIGURE 4 | Typical graphene aerogel synthesis. Reproduced with permission [82]. © 2017, Springer Nature. 
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Different configurations of GAs prepared by different synthesis 
methods have shown a variation in electrical conductivity. In 
one example, binders and cross‐linkers like resorcinol were 
shown to be able to generate an ultra‐porous graphene network 
in which the degree of porosity can be well controlled. To this 
end, GO solutions are frequently used as the basis for building 
the scaffold. The GAs synthesised via this technique show weak 
microporosity but with a remarkably high conductivity, 
reaching 852 S/m [91]. The porosity level observed is as high as 
97.58%, and this is beneficial, as for SCs, the charges would 
accumulate in the pores on the surface, which would allow for 
improved storage. Sol‐gel synthesis is another approach in 
which cross‐linking is achieved for individual graphene sheets, 
followed by supercritical drying, which would help in the 
thermal reduction of the sheets that are needed for GA 
formation and have densities in the 10 mg/cm3 range [92]. 
According to the study, GAs fabricated with this method show 
a significant improvement in electrical conductivity, about a 
100‐fold increase compared to physically cross‐linked graphene 
structures. These GAs have a relatively high pore volume 
(2.96 cm /g3 ) and a high electrical conductivity (1 × 10² S/m). 
Additionally, the surface area of the produced GA was notably 
improved (around 584 m /g2 ), which corresponds to the hexag
onally packed sp2‐hybridized carbon atoms, resulting in larger 
pores and an increased surface area. These structural char
acteristics are important to allow fast ion transport and to 
inhibit the restacking between graphene layers.

GA is a promising anode material paired with nickel oxide 
(NiO) as a cathode in the recent flurry of studies focusing on 
fabricating advanced pseudocapacitors. Such a configuration 
exhibited higher charge‐storage capacity and significant per
formance improvements, especially in terms of CD cycling 
stability. This resulted in a capacitance of 248 mF/cm2 for the 
supercapacitor at a current density of 1 mA/cm2, making it 
suitable for high‐performance energy storage applications [93]. 
The energy density for this type of GA‐based supercapacitor was 
about 39.9 Wh/kg [94], and when MnO2 was introduced instead 
of NiO, the voltage range was 0 to 2 V, which was an 
improvement, while it also led to increased specific energy of 
23.2 Wh/kg [95]. The above characteristics make GA ideal for 
SC application, and even though these are theoretical, the 
synthesis of the material plays a critical role in the final 
properties.

The study by Jung et al. (2015) focuses on developing GA by 
making use of electrochemical exfoliation and the freeze‐drying 
method. During the electrochemical exfoliation, sulfuric acid 
(H SO2 4) and potassium hydroxide (KOH) were utilized as 
electrolytes. The researchers tuned the aspect ratio of graphene 
sheets using various concentrations of KOH (23, 30, and 37 wt 
%) in H SO2 4. When using 30 wt% KOH, the ideal aspect ratio 
was obtained, providing large‐area and thin graphene sheets 
with an average lateral size of 3.7 ± 1 µm and a thickness of 
2.5 ± 0.1 nm. The sheets obtained were then freeze‐dried at 
three different temperatures (−200°C, −80°C, and −20°C) to 
produce the aerogels. The pore size of the aerogels grew as the 
freezing temperature increased, as shown in the results. 
In particular, it showed a high BET‐specific surface area of 
504 m /g2 at −20°C, which was higher than that of the samples  
prepared at −80°C (441 m /g2 ) and −200°C (315 m /g2 ). 
The second part of the work comprised the study of graphene 

aerogels as SC electrodes, focusing on their electrochemical 
properties. Among these, the aerogel prepared at −20°C pos
sessed the largest specific capacitance (325 F/g at a current 
density of 1 A/g), followed by −80°C (230 F/g) and −200°C
(125 F/g). The optimized energy density of GA (45 Wh/kg) 
reached a new state‐of‐the‐art value for aqueous electrolyte‐ 
based supercapacitors. Moreover, from the precise control of 
porous architecture, ion diffusion and electron transport were 
accelerated in the device, delivering high power density [96].

Tingting et al. (2016) successfully prepared nitrogen and sulfur 
co‐doped multi‐graphene aerogels (N, S‐MGA) with a straight
forward gel‐based method. Such a dual‐doping strategy is aimed 
at suppressing the inherent drawbacks of traditional graphene 
aerogels, mainly by improving the energy density and electro
conductivity. The N, S‐MGA electrodes displayed excellent 
electrochemical performance, delivering a specific capacitance of 
486.8 F/g at 1 A/g and 261.8 F/g at 20 A/g in a standard electro
lyte. Interestingly, in a mixed electrolyte (1 M KOH + 1 M 
K Fe(CN)3 6), the specific capacitance was greatly elevated to 
4929.4 F/g @ 2 A/g for the fabricated electrode. However, cycling 
stability was troubling, losing > 98.7% after 5000 charge‐discharge 
cycles continuously. For example, it could drop to 686.7 W/kg at 
1020 Wh/kg, related to 316.6 W/kg at 117.6 Wh/kg in a different 
measurement. Such effects highlight that the nitrogen and sulfur 
co‐doping is extremely efficient in promoting the electrochemical 
performance of graphene aerogels [1]. Later, one research team 
created 3D porous carbon aerogels made up of N‐phenyl ethanol 
amine, polyvinyl alcohol (PVA), and boric acid by a sol‐gel 
method with further carbonization. The as‐synthesised aerogels 
exhibited a super high specific surface area of 2016 m /g2 and a 
pore volume of 1179 cm /g3 , and the electrochemical characteri
zation in a three‐electrode arrangement showed a specific 
capacitance of 467 F/g at 1 A/g, in addition, the good cycling 
capacity where 85.7% of the initial capacitance was maintained at 
20 A/g after 10,000 cycles, and even 90.9% was retained at 30 A/g, 
indicating their excellent cycling performance and promising 
application in energy storage. This yielded an energy density of 
22.75 Wh/kg, indicating the appropriateness of the prepared aero
gels for supercapacitor applications with high performance [97]. 
Their superior electrochemical properties can be attributed to the 
high surface area and appropriate porosity, as well as the favour
able nitrogen‐doped characteristics of these non‐activated carbon 
aerogels.

In another study, Fe O /GA2 3 composite was developed by a 
hydrothermal process towards the design of 3D free‐standing 
and flexible graphene‐based materials for the improvement of 
the electrochemical behaviour of pure GAs. Herein, the study 
proposes a hybrid structure to configure the electrochemically 
active Fe O2 3 filling uniformly at the interior of the GA frame
work. The electrochemical performance was evaluated in a 
three‐electrode system in a 0.5 M Na SO2 4 aqueous solution 
within a potential range of 0.8 to 0.8 V, yielding a specific 
capacitance result of the composite of 81.3 F/g at a current 
density of 1 A/g. Although the focus of this study is on com
posite material, it demonstrates the positive facilitator role of 
pure GAs as structural supports. The silk aerogel not only of
fered a high surface area but also an interconnected network 
that improved electron transport, thereby greatly contributing 
to the specific capacitance. This research study has used this 
principle of aerogel‐embedding metal oxide particles into pure 
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GAs for better mechanical support with high electrochemical 
performance [98].

Another study synthesised a new class of LGN/PC aerogels with an 
improved three‐dimensional structure via a two‐step hydrothermal 
process to facilitate the electrochemical properties of the resulting 
aerogels relative to pure GAs. For a three‐electrode system in 6 M 
KOH aqueous electrolyte, the study achieved an impressive specific 
capacitance of 410 F/g at a current density of 0.1 A/g [99]. More
over, the 3D LGN/PC aerogel‐based solid‐state SC also exhibited 
outstanding cyclic stability, retaining almost no decay in perform
ance after 5000 continuous charge‐discharge cycles at a current 
density of 5 A/g, and the high capacitance was ascribed to the 
synergetic effect of porous carbon and GA structure with a large 
surface area for ion adsorption and efficient ion diffusion channel. 
In addition, the study highlighted the use of GAs as a suitable 
scaffold for incorporating other carbon materials to potentially 
improve electrochemical properties. In this sense, this 
strategy highlights the potential of graphene aerogels as building 
blocks with the versatility of additional modifications without 
compromising on mechanical stability and excellent electro
chemical performance [99].

One study investigated the assembly of MnO /MnCO /rGO2 3
aerogels (MGA) using a hydrothermal approach that incorporated 
rod‐like MnO2 and MnCO3 hybrid nanostructures with GO. 
Moreover, the obtained aerogels were characterized by both 
good electrical conductivity and strength, which was related to 
the supportive structure of the GA. Electrochemical testing indi
cated that the aerogels demonstrated an energy density of 
17.8 Wh/kg over the voltage range of 0–1.6 V (with a power density 
of 400 W/kg). This research result showed that the aerogels mod
ified with MnO2 and MnCO3 could enhance energy storage and 
have promising potential in supercapacitor applications. The 
results indicate that pure graphene aerogels can serve as substantial 
substrates to be tailored via hybridization with metal oxides to 
improve their energy storage properties. The graphene aerogel 
framework also provided increased mechanical integrity of the 
material, contributing to its long‐term durability and mechanical 
stability during the 1000 charge‐discharge cycles performed. These 
studies highlight the structural and electrochemical versatility of 
pure graphene aerogels when used as scaffolds for more complex 
materials for advanced energy storage. Due to their large surface 
area, excellent conductivity, and adaptable structural design, they 
are promising materials for coupling different active materials to 
achieve higher specific capacitance, energy density, and power 
density [100]. In addition, the significant compatibility of pure 
graphene aerogels with different electrolytes and composite mate
rials indicates the broad applicability of supercapacitors using 
graphene aerogels as the electrode material.

We conclude that the graphene aerogels obtained from optimised 
electrochemical exfoliation, together with the freeze‐drying 
method, show higher specific capacitance, energy density, and 
structural stability. The synergistic presence of mesopores and 
macropores in the aerogels facilitated fast ion transport, leading to 
effectiveness in supercapacitor applications.

3.3 | Heteroatom Doping of Graphene Aerogel 

Heteroatom doping is an approach in which N, B, P, S, and 
other foreign atoms are introduced into the graphene lattice to 

improve its electrochemical performance. Such a modification 
can happen via two principal paths: substitutional doping 
and surface adsorption. Substitutional doping, which is the 
replacement of carbon atoms in the graphene lattice with dif
ferent heteroatoms, would yield a thermodynamically stable 
structure due to the formation of covalent bonds between 
dopant atoms and the carbon backbone. This measure of 
effectiveness is largely driven by the size, electronic configura
tion, and electronegativity of the dopant relative to carbon. One 
such example is nitrogen doping, in which nitrogen atoms 
replace carbon atoms for improvement in the electrical con
ductivity (via higher charge carrier density via the presence of 
lone pair electrons) and modified electronic structure [101].

In contrast, surface adsorption means that heteroatoms are 
attached to the graphene surface instead of substituting carbon 
atoms. Although this method allows for flexibility during the 
doping process, the bonds that are formed tend to be weaker 
than those produced through substitutional doping. Toward 
this limitation, however, surface adsorption can promote the 
electrochemistry of graphene‐based materials by providing 
active sites, increasing reactivity, and promoting charge trans
port. The heteroatom that is doped is essentially associated with 
the responsive performance profiles of the resultant graphene 
aerogel. For example, the efficient enhancement of the capac
itance through nitrogen‐doping could be attributed to the con
tribution of graphitic‐N, which provides high electrical 
conductivity to facilitate the electron transfer, and pyridinic/ 
pyrrolic N, contributing to pseudocapacitance. The electro
chemical performance can be improved for boron‐doped elec
trodes because boron represents electron‐deficient sites, which 
provide sites for charge storage and enhance p‐type conduc
tivity. Phosphorus doping is attributed to different values of 
charge transfer kinetics due to the larger atomic size and dif
ferent orbital structures of phosphorus compared to carbon, 
leading to some relatively strong electronic effects that change 
the graphene framework's electronic properties. Based on the  
thiophene‐like structures, sulfur doping manifests the modifi
cation of the bandgap and favours the electron transfer pro
cesses, so the catalytic activity gets enhanced. Moreover, co‐ 
doping with two heteroatoms, like N‐S or B‐N, can produce 
synergetic effects to achieve superior electrochemical properties 
in graphene aerogels [101, 102]. This can be attributed to the 
creation of complementary electronic structures combined with 
enhanced conductivity, charge storage capabilities, and stability 
of doped graphene aerogels, which lead to a more effective 
energy storage application in combination with dopants.

The ability of nitrogen to enhance wettability and also create 
active sites for pseudocapacitance has been demonstrated in 
several studies [92]. Specifically, a 5.86 at.% N‐doped graphene 
hydrogel synthesised via the hydrothermal method showed a 
specific surface area of 1500 m /g2 and a specific capacitance of 
308 F/g, while another example of hydrothermally synthesised 
N‐doped graphene with 10.13 at.% N gave a specific capacitance 
of 326 F/g (high cycling stability with 99.85% coulombic 
efficiency was maintained after 2000 cycles) [103]. In these 
studies, it is discussed that the capacitance characteristics can 
be determined by not only the total N amount but also the 
specific configurations of C–N bonding (such as pyridinic or 
graphitic N), which can enhance the wettability and electron 
transfer due to relatively low charge‐transfer resistance [103].
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The next is the application of boron doping for improving GA 
performance, which has also been investigated. A specific 
capacitance of 281 F/g was obtained in B‐doped graphene 
structures synthesised by annealing frozen GO–boric acid 
composites, showing better conductivity and stability than 
O‐doped graphene due to the presence of a higher amount of B 
atoms [104]. Doping with phosphorus is another method that 
provides encouraging results. P‐doped graphene was also syn
thesised by annealing rGO in phosphoric acid at 220°C, show
ing a specific capacitance of 367 F/g at a scan rate of 5 mV/s, 
where the oxidised phosphorus groups are believed to contrib
ute to the pseudocapacitance with enhanced electrochemical 
reactivity compared with undoped graphene [105].

Other investigations on co‐doping with different heteroatoms 
have also been done. Abstract B, N co‐doped graphene aerogel 
(BN‐GA), with ∼0.6 at.% B and 3.0 at.% N, is prepared as an 
additive‐free monolithic composite for solid‐state super
capacitors. Such material showed a capacitance of 239 F/g 
[106], which was several times higher than BN‐doped or 
N‐doped counterparts only, and the synergetic effect of B and N 
was beneficial to the energy density of 8.7 Wh/kg and power 
density of 1650 W/kg. However, the results obtained from a 
study where triply‐doped rGO with 16.36 at.% O, 1.46 at.% 
N and 1.1 at% Cl show that the enhancement of capacitance is 
effectively due to the heteroatoms, as O, N, and Cl triply‐doped 
rGO exhibit an obvious enhancement compared with the un
doped rGO, which indicates that the presence of heteroatoms 
can introduce active sites to the graphene aerogels and enhance 
conductivity at the same time [107].

The GAs doped with heteroatoms possessed typical macropores 
in a 3D interconnected structure, which proved to be optimal 
for methanol oxidation and formic acid oxidation. The surface 
area identified by BET measurement for NGA reached 
379.71 m /g2 , while undoped GA measured only 244.91 m /g2 . 
The nitrogen and boron atoms incorporated into the material 
enhance both porosity and electron and ion transport mecha
nisms, leading to this increased result. XPS analysis demon
strated 8 at.% nitrogen present in the doped GA while showing 
graphitic‐N, pyridinic‐N, and pyrrolic‐N as its main nitrogen 
chemical configurations. Both frameworks in boron‐doped 
graphene aerogel (BGA) contained similar boron contents at 
about 8 at.% through BC O2 and BCO2 bonding configurations as 
main structural elements. Studies have shown that boron dop
ing improves GA performance in methanol oxidation reactions 
(MOR) because boron atoms establish beneficial electronic 
conditions. The addition of nitrogen doping in GA resulted in 
superior CO pesticide resistance relative to standard carbon‐ 
based catalysts. Besides, due to the high content of doped GAs, 
the 3D porous network also provides good channels for the 
efficient diffusion of ions and electrons, which enables them to 
be suitable support materials for oxidation reactions in direct 
methanol fuel cell applications [12]. The performance of Pt 
nanocatalysts received significant improvement through doped 
graphene aerogels when employing them for methanol oxida
tion above formic acid oxidation, thus demonstrating their 
suitability for energy storage and conversion applications.

The SEM and TEM images from Figure 5 show the evolution of 
the microscopic morphology from GO to NGA, and in the SEM 
images, (a) GO manifests dense stacked paper‐like layers with 
no appreciable porosity that results from oxidized graphene 

sheets restacked by strong van der Waals forces. On the other 
hand, (b) NGA has a rather open 3D porous network with 
crumpled inter‐linked sheets showing successful aerogel for
mation and textural expansion by nitrogen assistance. TEM 
images further confirm this transition: (c) The GO presents 
broad, flat, few‐layer sheets with wrinkles but little separation, 
whereas (d) the NGA exhibits thin and highly delaminated 
ribbon‐like graphene domains with a large number of edges 
and low aggregation. Altogether, these images show that the 
nitrogen‐doped aerogel process produces lighter and more 
open‐structured graphene with improved exfoliation suitable 
for electrochemical applications [108].

Yu et al. (2016) synthesised sulfur and phosphorus co‐doped GA 
for superior electrochemical performance for SC application. At 
10 mV/s, the co‐doped sample exhibited a specific capacitance 
of 438 F/g, which exceeded the capacitance levels of undoped 
GA at 240 F/g, P‐GA at 313 F/g, and S‐GA at 347 F/g, which is 
due to the synergistic co‐doping effect, thereby enhancing the 
overall electrochemical performances. Moreover, SP‐GA shows 
good rate capability with capacitance retention of 87.2% at 
500 mV/s and remarkable cycling stability, with 93.4% of its 
capacitance retained after 10,000 cycles at the current density of 
1 A/g. The research also achieved an 88.5 Wh/kg energy den
sity, together with a 5.3 kW/kg power density based on an ionic 
liquid electrolyte [109]. These results indicate that phosphorus 
and sulfur doping at once leads to significant improvements in 
electrochemical capabilities, which render the modified GAs 
excellent options for SC use.

In one study, researchers developed a synthesis method to 
create graphene hydrogels by first reducing GO through 
hydrothermal processing before the immersion step. The 
hydrogel underwent immersion in a urea solution that con
tained 0.7 M KOH for two complete days. Under ambient con
ditions, the material dried before undergoing thermal treatment 
at 900°C in a nitrogen atmosphere. Scientists obtained NGA 
after washing the resulting material multiple times with deio
nised water [110]. In another research, it was reported that 
nitrogen‐based compounds or functional groups react with the 
oxygen functional groups during the reduction process, and the 
final product would lead to the creation of GA that would have 
vacancy defects, which are known to help promote polarisation 
loss and enhance the electrochemical performance of the 
material [111]. Figure 6 presents a list of N‐dopant approaches 
used during the synthesis of GA samples.

In Figure 6a, ethylenediamine (EDA) was used as both the 
nitrogen dopant and a reducing agent for GO in the synthesis of 
NGA, and this was based on hydrothermal self‐assembly and 
followed up by freeze‐drying [111, 112]. In Figure 6b, the 
ethylenediaminetetraacetic acid (EDTA) is used as the doping 
agent along with the chelating agent of metal ions, which is 
combined using the hydrothermal method with a calcination 
process that would eventually lead to a nickel‐based NGA [113]. 
Figure 6c shows the use of urea as a dopant, and this is used in 
the preparation of graphene foam; the sample is shown to have 
high porosity as well as an open network formed via hydro
thermal self‐assembly followed by freeze‐drying. In Figure 6d, 
the dopant used is hydrazine, while Figure 6e shows the use of 
dicyandiamide, and Figure 6f shows the use of ammonia [111]. 
EDA, hydrazine, urea, and ammonia are the most commonly 
used dopants for nitrogen doping in graphene‐based materials 
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FIGURE 5 | TEM/SEM GO and NGA. Reproduced under the terms of the CC‐BY license [108]. © 2020, The Authors, published by IOP 
Publishing Ltd. 

FIGURE 6 | Different selection of N dopants and illustration of aerogel samples. Reproduced with permission [111]. © 2020, Wiley‐VCH GmbH. 
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because of the simplicity of the synthesis process and their 
ability to ensure that the doping effects are stable.

In the study where GO/EDA was used in a ratio ranging from 
1:0 to 1:6 to explore the functionalisation degree, it was found 
that there was a decreasing trend for hydrogel volume with 
EDA content, which can be seen for differing hydrothermal 
duration and temperature conditions. The highest degree of 
temperature and duration was found to show the lowest volume 
levels [114]. In another study, it was found that the result N‐GA 
had an interconnected 3D porous network, and the macropores 
were made of different highly wrinkled and randomly oriented 
graphene sheets, and the SEM images show that the inter
connected porous architecture showed no obvious aggregation. 
The BET surface area for the NGA created was around 
757 m /g2 , which is much higher compared to the traditional 
GA, and this was a result of the porous structure that was 
activated by the KOH [110]. The pores in the NGA were also 
continuously distributed within the range of 2 to 50 nm, which 
is another factor that guaranteed a higher specific surface area 
in the NGA.

The material analysis demonstrated that increasing scan rates 
from 100 to 200 mV/s created cyclic voltammetry (CV) curves 
with a rectangular shape that showed tilt. The tilted rectangular 
shape in CV curves shows high power capability and low ESR, 
indicating efficient charge‐discharge (CD) performance. The 
GCD curves at different current densities are also found to be 
quasi‐triangular and symmetrical, which is an indicator of the 
fact that the material shows typical EDLC behaviour along with 
superior CD reversibility. The specific capacitance for NGA at 
0.5 A/g was as high as 175 F/g, which is similar to the specific 
capacitance of other elements like GAs‐NaCl [110]. In another 
study, an NGA was developed to act as an efficient electro
catalyst in the reduction of H O2 2, and the morphology of the 
structure showed that the NGA was hollow; this material was 
said to be ideal when it comes to direct sensing of H O2 2 [115]. In 
one study that was again focused on NGA, it was found that it 
had a specific surface area of 830 m /g2 while the nitrogen 
content was high at 8.4%. This led to improvement in the 
electrical conductivity and wettability, and it shows a specific 
capacitance of 223 F/g at 0.2 A/g, along with showing high or 
long‐term cycling stability even in sulfuric acid electrolyte, 
which is very corrosive. The NGA was also found to have a very 
high carbon dioxide uptake capacity at 1 bar and 273 K [14]. 
Another research shows that the capacitive conversion of 
charge storage was 91.7%, along with a gravimetric capacitance 
of 291 F/g at 1 A/g, which is quite high. In addition, the power 
density ranged from 650 to 23000 W/kg while the energy den
sity ranged from 15.2 to 60.2 Wh/kg [111]. NGA based on urea 
was shown to have a high specific capacitance of 196.7 F/g at 
1 A/g with energy density as high as 97.2 Wh/kg and a power 
density of around 0.9 kW/kg [116]. In addition to this, the NGA 
developed by this method showed 78.3% retention even after 
5500 cycles at 1 A/g, showcasing good CD stability.

In another research, it was reported that a nitrogen and sele
nium co‐doped graphene aerogel (NSeGA) was synthesised 
with a unique hydrothermal reduction and thermal doping 
approach using urea and diphenyl diselenide, which is struc
turally and electrochemically optimised. Its hierarchical three‐ 
dimensional network structure offers the highest BET surface 
area of 336.86 m /g2 among other samples tested, which 

indicates a larger ion‐accessible surface and a lower diffusion 
resistance for NSeGA. Se was added to accompany N, resulting 
in a higher structural disorder (ID/IG = 1.15), allowing more 
defect sites to enhance electrochemical activity. This versatile 
design enables the use of both a three‐electrode system and a 
two‐electrode symmetric configuration for evaluation 
(NSeGAc | |NSeGA), yielding a comprehensive set of perform
ance data from the electrochemical measurements. As a three‐ 
electrode configuration, NSeGA resulted in a remarkable spe
cific capacitance of 302.9 F/g (1 A/g) compared with SeGA 
(183.9 F/g) and NGA (150.2 F/g) for single‐doped samples. It 
also held 90.4% capacitance at 10 A/g and 94.1% after 12,000 
cycles, indicating excellent rate capability and cycling stability. 
The capacitive symmetric supercapacitor displayed an energy 
density of 26.3 Wh/kg at 900 W/kg, exceeding many of the 
previously reported carbon systems. Its synergistic doping of 
N and Se led to drastically increased pseudocapacitive contri
butions and conductivity, while mechanical integrity and ion 
diffusion efficiency remained unaffected [117]. This dual‐ 
doping strategy offers an attractive route for the evolution of 
advanced binder‐free graphene aerogel electrodes for energy 
storage applications.

In another work, the researchers developed a one‐pot hydro
thermal method for the large‐scale synthesis of sandwich‐ 
layered porous nitrogen and sulphur co‐doped graphene aero
gels (NSGAs). GO is used as a precursor, and 2,5‐dimercapto‐ 
1,3,4‐thiadiazole (DMTD) is used as a bifunctional agent. 
DMTD serves as both a heteroatom dopant, with fascinating 
sulphur content up to 2.39 at.%, and a structural modifier that 
effectively prevents GO layers from restacking through hydro
gen bonding and π–π supramolecular interactions. Electro
chemical tests with a three‐electrode system demonstrated that 
the selected NSGA‐2 provided a specific capacitance of 321 F/g 
at 1 A/g, which is almost two times as high as that of undoped 
graphene aerogel. In addition, a symmetric SC device assembled 
with the NSGA‐2 electrodes exhibited an energy density of 
10.52 Wh/kg, together with a 10 kW/kg power density and 
outstanding cycling stability (92.8% retention after 6000 cycles) 
[118]. The results demonstrate that supramolecular design 
strategies are promising for simultaneously enhancing the 
structure and the electrochemical performance of graphene‐ 
based aerogels. With the combined effects of N and S co‐doping 
as well as controlled morphologies, NSGA materials can be 
promising candidates for practical high‐performance super
capacitor applications.

In a separate study, they reported the hybridisation of three‐ 
dimensional aerogels made from a single or bi‐layered MoS2
nanosheets with nitrogen‐doped graphene aerogels (NGAs). 
This structure is an attempt to address the restacking limitation 
of MoS2, which is commonly attributed to van der Waals forces 
that have adverse effects on ion transporting and electrical 
properties. The nitrogen‐doped graphene aerogel acts as a 
conductive scaffold, dispersing the MoS2 nanosheets well and 
creating a 3D network with high porosity and good tensile 
properties to facilitate electrolyte access and charge transport. 
A three‐electrode configuration was used to assess electro
chemical performance. At a current density of 1 A/g, the spe
cific capacitance of the prepared MoS2/N‐GA hybrid aerogel 
was as high as 532 F/g, which was far superior to that of the 
individual MoS2 nanosheets or NGAs. Furthermore, the cycling 
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durability is outstanding, with capacitance retention of 93.6% 
after 10,000 cycles at 10 A/g for the hybrid electrode. The 
combination of the high pseudocapacitance from MoS2 and the 
high conductivity and porous structure associated with N‐GAs 
can enhance the electrochemical properties such as capaci
tance, rate performance, and cycle stability [119]. These results 
indicate that 3D MoS2/N‐GA hybrid aerogel is also a promising 
electrode material for next‐generation supercapacitors.

A recent study focused on presenting an environmentally sus
tainable method to synthesise nitrogen‐doped carbon aerogels 
(NCAs) from carbonising alkaline peroxide mechanical pulp 
(APMP) fibre aerogels that have recently been saturated with 
rhodamine B (RB) dyes. Structurally, the precursor APMP 
aerogel was prepared by extracting cellulose, sol‐gel transfor
mation, and freeze‐drying to create a porous three‐dimensional 
structure. The Rhodamine B dye not only served as an 
adsorbate but also as a nitrogen source during the carbonisation 
step. The SEM analysis proved the porous structure wasn't 
destroyed after carbonisation, and the XPS analysis showed the 
nitrogen content was approximately 2.15% with principally 
pyridinic and pyrrolic N species. The formation of a partially 
carbon framework enhanced the electrical conductivity. Aero
gels were first evaluated by a three‐electrode system in a 6 M 
KOH electrolyte. The NCA showed a specific capacitance of 
185 F/g at 1 A/g as compared to 155 F/g in undoped carbon 
aerogels at the same test condition. The reason for this en
hancement was ascribed to the synergetic effect of nitrogen 
doping and retained porosity, which facilitates electrolyte 
accessibility and thus enhances the pseudocapacitive contribu
tion [120]. Additionally, the rapid adsorption characteristics 
and the short diffusion pathways add to excellent electro
chemical performance. This study confirms a novel and 
eco‐efficient pathway for the carbonisation of biomass as a 
precursor to energy.

Arvas et al. (2021) introduced Yucel's method, presenting a new 
type of electrogram synthesis pathway to fabricate nitrogen‐ 
doped graphene electrodes via a one‐pot, mild, and straight
forward pathway, a technique that is highly pure and free of 
chemicals at ambient temperature. By applying a range of po
tentials, the process also provides a way to precisely control the 
incorporation of nitrogen and oxygen functional groups (e.g., 
–NO2, –COOH, –OH) formed. These species improve the elec
trochemical performance by promoting surface wettability and 
pseudocapacitive behaviours. It yields mesoporous graphene 
electrodes with a morphology influenced by the applied voltage 
window, as validated by SEM imaging. In addition, electro
chemical measurements were made using a three‐electrode 
system with EIS and CV, as well as GCD techniques. Based on 
the synthesis conditions, the areal capacitance ranged from 
178 mF/cm2 (0.0178 F/cm2) to 2034 mF/cm2 (0.2034 F/cm2) at 
10 mA/cm2. Due to the occurrence of catalytically active 
oxygen‐containing functional groups, electrodes produced using 
narrower potential ranges displayed greater capacitance. After 
1000 cycles of cyclic charge‐discharge testing, stable cycling 
performance is observed, while the mesoporosity provides 
continuous accessibility to the electrolyte and helps to enhance 
charge storage capability further [121]. This approach offers a 
simple and easily adaptable way to develop electrodes for gra
phene supercapacitors with good electrochemical performance.

Another study reports a new strategy to synthesise nitrogen‐ 
constituted interpenetrating porous carbon/graphene (NIPCG) 
networks from poly(o‐phenylenediamine)/N‐doped graphene 
precursors. The end result is a structure that has a highly in
terconnected network with a nitrogen content of 13.1 at.% along 
with a material density of 1.1 g/cm3. Such architecture allows 
for fast electron transport and electrolyte diffusion, resulting in 
excellent electrochemical performance of the material. All ex
periments on the electrodes were performed in a three‐electrode 
mode. The NIPCG electrodes exhibited ultrahigh specific 
capacitance values of 673 F/g (gravimetric) and 760 F/cm2

(volumetric), making them suitable for use in high mass‐ and 
volume‐constrained applications. The performance is ascribed 
to the combined advantage of nitrogen‐doping and conductivity 
enhancement, as well as the hierarchical porous structure 
that facilitates the accessibility of the electrolyte. When used 
as both electrodes in an asymmetric supercapacitor configura
tion, NIPCG as the cathode exhibited an energy density of 
27.6 Wh/kg at 600 W/kg power density, outpacing numerous 
traditional carbon‐based materials. They also offered good cy
cling stability. This highlights its potential for high‐performance 
energy storage systems [116]. The findings reported here clearly 
highlight the benefits of creating 3D interconnected N‐doped 
carbon‐graphene networks for the development of advanced 
supercapacitor applications.

One study reported a novel nitrogen‐doped interconnected 
graphene aerogel (N‐IC: GA) composite loaded with ytterbium 
(Yb)‐doped Yb O2 3 nanoparticles, prepared in one step by the 
hydrothermal method. In this process, p‐phenylenediamine 
(PPD) serves the dual functionality of a nitrogen dopant and an 
interconnecting agent. The resulting aerogel has a 3D porous 
interconnected network consisting of ultrathin graphene na
nosheets (5–9 nm in thickness), providing rapid charge trans
port and ion diffusion pathways. A symmetric two‐electrode 
configuration was then applied for electrochemical assessment 
within an aqueous electrolyte of 1 M Na SO2 4. At a current 
density of 0.5 A/g, it achieved a specific capacitance of 321 F/g, 
and its specific capacitance retained 53.4% at 16 A/g, which 
proved that it had a high rate capability. The device showed an 
energy density of 25 Wh/kg and a capacitance retention of 
98.4% after 4000 cycles, indicating excellent stability [122]. 
Yb O2 3 nanoparticles are incorporated to add pseudocapacitive 
contributions as well as to increase the graphene framework's 
wettability and electrical conductivity. Nitrogen‐doping and 
metal oxide functionalization work in a synergetic way and 
allow for competitive electrochemical performance. This 
method suggests a promising route for doping rare‐earth oxides 
into the graphene aerogels for supercapacitor applications with 
high performance.

Another study reports a low‐cost one‐step hydrothermal route 
for the preparation of nitrogen–sulfur co‐doped reduced gra
phene oxide aerogels (NS–rGOA). The method directly samples 
this, skipping conventional carbonisation and activation pro
cesses, to develop in situ doping and aerogel formation in one 
synthesis step. Of the three synthesised variants, NS‐rGOA3 
displayed the best performance with a high BET surface area of 
412 m /g2 , well‐developed microporosity, and a higher mesopore 
presence for accelerating ion transport and electrolyte accessi
bility. The electrochemical performance was characterised in a 
0.5 M Na SO2 4 aqueous electrolyte by three‐electrode and 
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symmetric two‐electrode configurations. As far as we know, NS‐ 
rGOA3 achieved the best electrochemical performance in three‐ 
electrode systems, reaching an excellent specific capacitance of 
up to 931 F/g at 1 A/g and still retaining as high as 391.6 F/g at 
100 A/g, proving the superiority of rate capability. It even pre
served 96% of its initial capacitance after 10,000 cycles at 25 A/g, 
indicating outstanding cyclability. Utilised in symmetric two‐ 
electrode mode, the device exhibited a high energy density of 
36.56 Wh/kg and a power density of 333.2 W/kg at a cutoff 
voltage of 1.2 V. The aerogel showed an N/S doping ratio of 
7.74, surpassing the ideal ratio of sulphide to nitride, which can 
also result in superior conductivity and pseudocapacitance 
[123].

Nazari et al. (2021) describe a nanocomposite of a mesoporous 
carbon nitride–graphene aerogel (MCN‐GA) developed using 
a nano hard‐templating method and covalent grafting. To fab
ricate MCN with a well‐ordered pore structure, an SBA‐15 silica 
template was used to synthesise MCN, and then, to improve the 
poor electrical conductivity of pristine MCNs, they were further 
combined with graphene aerogels. The hierarchical porous 
structure of the composite derives advantages from the scaf
folded ordered mesopores of MCN and the highly conductive 
and interconnected three‐dimensional structure of graphene 
aerogels. The MCN‐GA electrode provided a specific capaci
tance of ~240 F/g at a scan rate of 5 mV/s from three‐electrode 
electrochemical testing in 1 M H SO2 4, significantly higher than 
that of pure MCN (142 F/g) and GA (174 F/g). Such enhance
ment in performance is due to higher electrical conductivity, 
more electroactive sites derived from nitrogen‐rich MCN, and 
synergistic interaction between MCN and GA components. A 
symmetric two‐electrode configuration (MCN‐GA | | MCN‐GA) 
enabled 10,000 cycles with > 94% capacitance retention, corre
sponding to specific energy density and power values of 
11.6 Wh/kg and 8.0 kW/kg, respectively. We believe that the 
results presented in this study not only suggest the potential of 
structure–composition tailoring and metal‐free design but also 
demonstrate a promising material with outstanding perform
ance stability for supercapacitor electrodes [124].

A supercapacitor fabricated in another study adopts a new 
type of electrode material, which was designed following an 
elegant hydrothermal synthesis route, wherein 1,5‐diamino‐4,8‐ 
dihydroxyanthraquinone‐grafted nitrogen‐doped graphene 
aerogel (DHAQ‐NGA) was employed. As for the structure, it 
takes advantage of the redox‐active functional groups of DHAQ, 
such as carbonyl (C=O), hydroxyl (–OH), and amine (–NH–), 
which would allow faradaic reactions at both electrodes. This 
unique configuration again permits DHAQ‐NGA to operate as 
both the positive and negative electrode and results in a well‐ 
matched dual‐electrode system, separated by an ionic liquid 
electrolyte. This setup properly resolves concerns of mis
matched electrode capacities as may be experienced in tradi
tional asymmetric or symmetric systems. Electrochemical 
characterisation shows specific capacities of 410 and 454 C/g 
(positive and negative, respectively) for a major advancement in 
charge storage through both pseudocapacitive and double‐layer 
mechanisms. The intramolecular hydrogen bonding in DHAQ 
increases the strength of the material and enhances the stability 
during cycling. The all‐device exhibits a high energy density of 
117 Wh/kg at a power density of 822 W/kg, which suggests both 
high energy storage and rapid charge‐discharge performance. 

This strategy tackles the neglected subject of electrode mis
matching in supercapacitors by synthesising a redox‐active, 
bifunctional composite that effectively features both side 
electrodes designed for capacity and stability [125].

Another research introduced a new approach for synthesizing 
sulfur and nitrogen co‐doped graphene aerogels (SNGA) using 
5‐mercapto‐3‐phenyl‐1,3,4‐thiadiazole‐2(3H) thione potassium 
salt (BII) as both pillaring agent and dopant. BII, a vertically 
bicyclic molecule with a distinctive nonplanar head‐to‐head 
orientation, prevents the aggregation and restacking of gra
phene sheets in the hydrothermal self‐assembly process. Such a 
structural disruption facilitates the construction of the highly 
porous skeleton, resulting in a specific surface area reaching a 
very high value of 410.2 m /g2 for SNGA4. The incorporation of 
sulphur in BII is also efficient due to the sophisticated molec
ular design, giving sulphur content of BII as high as 3.71 at.%, 
which was facilitated by π‐π interactions and hydrogen bonding 
in the synthesis stage. A three‐electrode system electrochemical 
evaluation indicated that SNGA4 produced a high specific 
capacitance of 399 F/g accessed at 1 A/g [126]. The device de
livered an energy density of 11.36 Wh/kg when tested in a 
symmetrical supercapacitor configuration, and it exhibited good 
charge storage and energy‐delivering capability. This research 
reveals the multifunctional roles of the pillaring agents, such as 
BII, that not only improve the porosity of reduced graphene 
oxide but also allow effective doping and enhance the electro
chemical performance of the electrodes, which could be ideal 
when designing heteroatom‐doped graphene aerogels.

NG/MnO2 nanocomposite was synthesised in one study 
through a two‐step method: (i) pyrolysis of polydopamine (PD) 
coated 316 L stainless steel at 400°C and (ii) electrochemical 
precipitation of MnO2 nanoflakes. In this respect, the pyrolysis 
step facilitated the uniform coverage of NG layers on top of the 
steel substrate, mostly improving the conductivity and surface 
functionality of the electrode. The structures of the NG and 
the NG/MnO2 composition were analysed by scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) to find that MnO2 nanoflakes were homogeneously 
distributed on the NG surface with good vertical coherence, 
thus forming a compact hierarchical structure with solid 
NG–MnO2 interfacial contact. Formation of birnessite‐type 
MnO2 was indicated by X‐ray diffraction (XRD) patterns, while 
XPS spectra confirmed successful nitrogen doping and the 
presence of strong Mn–O bonding. The high ID/IG ratio in the 
Raman spectroscopy is ideal for electrochemical activity due to 
the large number of defects in the structure. BET analysis was 
used to quantify the accessible surface area of the particles, 
which shows a high specific surface area proper for ion diffu
sion and charge accommodation in the electrode material. 
Moreover, the NG‐MnO2‐400 electrode has exhibited a high 
specific capacitance of 609.9 F/g at the 1 A/g level. The nano
composite also displayed superior electrochemical durability, 
maintaining 98% of its initial capacitance after 10,000 cycles. 
The findings from EIS suggested low charge transfer resistance 
and good ionic transport. NG was proven as a highly conductive 
substrate to enhance the conductivity, while MnO2 nanoflakes 
served as a metal exhibitor to improve the electroactivity, 
leading to synergistic effects for the fast redox reaction with 
excellent energy storage capacity. Such characteristics 
make NG/MnO2‐400 a viable option for a high‐performance 

15 of 33 Battery Energy, 2026

 27681696, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.70083 by N

ational Institutes O
f H

ealth M
alaysia, W

iley O
nline L

ibrary on [21/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



supercapacitor electrode with long operation life and high 
capacitance [127].

Another research prepared a nitrogen‐doped holey graphene 
aerogel (NHGA) via an integrated process of hydrothermal 
synthesis and hydrothermal exclusion, and it was successfully 
used as the base material for developing new SC electrodes. The 
structural characteristic of NHGA with a large specific BET 
surface area (446 m /g2 ) enables increased access to the surface 
for ions and better penetration of the electrolyte. A low charge 
transfer resistance of 0.4 indicates excellent electrical con
ductivity and interfacial charge transport behaviour for the 
material. The origin of these structural features is due to 
nitrogen doping and the holes in the graphene framework, 
which improve the electrochemical activity and decrease the 
diffusion resistance. In three‐electrode mode using 6 M KOH as 
an electrolyte, electrochemical testing showed that NHGA de
livered a specific capacitance of 318.3 F/g at a current density of 
0.5 A/g, which is remarkable; specifically, an NHGA‐based su
percapacitor in a symmetric two‐electrode configuration ex
hibited sustainable performance, retaining a specific 
capacitance of 262.5 F/g after 10,000 cycles at 2 A/g with an 
impressive capacitance retention of 98.4%, confirming excellent 
long‐term cycling stability. Apart from that, the device also 
preserved the excellent rate capability of 96.0 F/g at an ultra‐ 
high current density of 200 A/g. The device was also assessed in 
a high‐temperature, non‐flammable ionic liquid electrolyte 
(EMIMTFSI‐80) for high‐temperature and safety‐critical appli
cations. At these specifications, the NHGA‐based super
capacitor exhibited an energy density of 60.3 Wh/kg at a power 
density of 0.9 kW/kg [128]. Such performance was maintained 
over a broad operating temperature range, operating from 20 to 
100°C, confirming the appropriate performance of NHGA 
under harsh temperature conditions and thus having a prom
ising potential in next‐generation systems.

In another work, researchers developed a 3D NGA by em
ploying naturally occurring L‐asparagine (Asn) as the nitrogen 
doping source, which has been found to be well‐suited for 
electrochemical applications due to its unique 3D inter
connected porous structure. Out of many doping ratios, N‐GA‐4 
(prepared using a 4:1 mass ratio of Asn to GO) achieved the best 
performance as a supercapacitor electrode. After hydrothermal 
synthesis and subsequent freeze‐drying, a unique monolithic 
aerogel with a hierarchical structure, providing fast ion trans
port and electron conductivity, was obtained. This open archi
tecture was important to enable fast electrolyte penetration, 
increase the number of charge storage sites, and stabilise elec
trochemical performance in the presence of cycling stress. 
NGA‐4 was also used as an electrode in three‐electrode and 
two‐electrode systems, respectively. Utilising a three‐electrode 
system, the electrode showed a high specific capacitance of 
291.6 F/g at 0.5 A/g. When tested in a symmetric configuration, 
the NGA‐4 supercapacitor achieved a maximum energy density 
of 23.8 Wh/kg at a power density of 451.2 W/kg, indicating its 
potential for use in high‐energy‐density storage applications. 
The device exhibited remarkable cycling stability by retaining 
99.3% of its initial capacitance after 80,000 cycles, out
performing most reported graphene‐based or carbon‐based 
supercapacitors. Such increased performance is attributed to 
the homogeneous nitrogen distribution from enhanced redox‐ 
active sites and lower resistance. N‐GA‐4 was optimised for 

supercapacitor applications, while the annealed variant (N‐GA‐ 
4‐900) exhibited high performance with respect to ORR. The 
results imply an effective design approach for the sake of 
development of multifunctional graphene‐based materials via 
controlled N‐doping of environmentally friendly amino acid 
precursors. This work delivers a scalable and cost‐effective 
synthetic approach but also positions N‐GA‐4 as a promising 
candidate to be used as high‐performance supercapacitors 
exhibiting both unprecedented energy density and long 
lifetime [129].

Another study developed boron and nitrogen co‐doped holey 
graphene aerogels (BN‐HGA) using ammonia borane as a 
triple‐functional precursor, which acts as a boron source, 
nitrogen source, and reducing agent at the same time. The 
resultant BN‐HGA possessed a large specific surface area of 
249 m /g2 , as well as abundant B–N bonding motifs that created 
high surface polarity. Such structural characteristics led to the 
generation of a large number of stable redox‐active sites, which 
were beneficial for pseudocapacitive behaviours. Further, the 
high hydrogen content of ammonia borane formed a reducing 
environment during the synthesis, which facilitated the pres
ervation of the carbon matrix and, hence, better conductivity. In 
addition, the aerogel structure possessed clear hierarchical 
porosity, which facilitated ion diffusion across the cross‐section 
of the electrode material and further unleashed electrochemical 
kinetics. BN‐HGA exhibited a high specific capacitance of 
456 F/g at a current density of 1 A/g in a 3‐electrode system 
testing with sulfuric acid as the electrolyte. The BN‐HGA 
electrodes delivered a high areal capacitance of 345 mF/cm2 at 
1 mA/cm2 and 80% capacity retention at mA/cm2, demon
strating excellent rate performance when integrated into an 
all‐solid‐state flexible symmetric supercapacitor. Another 
important benefit of its mechanical flexibility was that stable 
performance was observed for the bent device at various angles, 
which suggests the device would easily be incorporated into 
wearable and flexible electronic systems [130]. The synergistic 
combination of co‐doping, integrity of conductive matrix, and 
well‐designed hierarchical porosity had a collectively positive 
impact, making the BN‐HGA a potential high‐performance 
multifunctional flexible energy storage device.

The study by Zou et al. (2019) prepared a 3D nitrogen and 
phosphorus co‐doped holey‐reduced graphene oxide (NPHG) 
aerogel as an attractive alternative to conventional graphene 
cathodes for enhanced performance in lithium‐ion capacitors 
(LICs). A traditional issue for such electrodes is that graphene 
nanosheets have an intrinsic tendency to restack, thereby 
reducing the ion‐accessible surface area and limiting specific 
capacity. In order to do that, the researchers used a hydro
thermal method to create a porous network with the incorpo
ration of heteroatoms (nitrogen and phosphorus) into the 
graphene framework. The obtained NPHG material shows a 
hierarchically porous structure and chemical modifications, 
leading to greatly improved electrochemical properties. In half‐ 
cell testing, the high specific capacity of 120 mAh/g (196 F/g) 
for the NPHG electrode at 0.1 A/g retained 92% of the initial 
capacity over 1000 cycles at 1 A/g, showing excellent cycling 
stability. The improved performance is due to both the large 
electroactive surface area and the synergistic role of nitrogen 
and phosphorus doping that can promote electron conductivity 
and offer a large number of redox‐active sites. Furthermore, 
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micropores and mesopores also promote fast ion diffusion, 
which is crucial for high‐rate performance. As an assembled 
capacitor with a pre‐lithiated nitrogen‐doped rGO‐siloxene 
anode (NGSil‐4) as a full LIC device (NGSil‐4//NPHG), a high 
energy density of 145.86 Wh/kg (at the power density of 
200.2 W/kg) was achieved. Moreover, a high energy density of 
15.35 Wh/kg was obtained after being charged at an ultrahigh 
power density of 14,550 W/kg [131]. The scalable and low‐cost 
synthesis pathway enables the commercial application of this 
advanced cathode material as a highly competitive material for 
next‐generation high‐performance LIC, as reflected by the 
results in this work.

Overall, it can be observed that doping with nitrogen boosts 
electrochemical properties, and this makes NGA very important 
for the future. Thus, it is considered another material to be used 
in the research, and in the next sections, we look at graphene 
aerogel's different synthesis techniques, as the synthesis method 
also has an impact on the final properties of the material. A 
summary of recent findings on various types of NGAs and their 
electrochemical performance as electrode materials is shown in 
Table 3.

Among all dopant options, nitrogen has consistently played the 
most versatile and industrially appealing role. It's close in 
atomic size to carbon, but its higher electronegativity makes it 
possible for the N atom to be incorporated into pyridinic‐, 
pyrrolic‐, or graphitic‐type configurations and form a lot of 
active sites, while retaining conductivity and even improving it. 
This trade‐off between defect formation and electronic perco
lation explains why N‐doped GAs exhibit not only high capac
itance homogeneity but also outstanding ORR/OER activity and 
improved wettability [136]. Moreover, N‐doping is attractive 
due to the use of low‐cost precursors, environmentally benign 
synthesis methods, and good environmental and toxicological 
characteristics. The article also shows other doping elements 
used, and the comparison is presented in Table 4, which pro
vides an overview of the differences between the most used 
dopants. The element boron provides additional benefits, giving 
rise to p‐type character coupled with only a minor lattice dis
tortion. Boron‐doped structures are usually reported to be flat 
and exhibit stable ORR activity together with high capacitive 
performance, especially when they have been co‐doped with 
nitrogen. However, good and uniform distribution of B substi
tution proves to be technically challenging and limits its 
potential for large‐scale application [139].

Sulfur, on the other hand, is prone to accumulate at edges and 
defect sites, forming redox‐active centers that enhance pseu
docapacitive behavior. Recent work has shown a very good 
synergistic effect in N, S co‐doped aerogels with higher porosity 
and less restacking [140], and the disadvantages of this doping 
are modest conductivity loss and the risk of generating insu
lating S‐rich domains. Nevertheless, sulfur precursors are rela
tively cheap, and co‐doping is considered to be practically 
doable, with standard SOx handling being sufficient for 
environmental regulation. Phosphorus leads to strong electron 
donation and interlayer space expansion, thereby promoting 
mass transport and exposing additional catalytic sites, 
but its large atomic radius can cause significant lattice 
strain, hindering uniform doping and potentially leading to 
conductivity degradation [139]. P‐doping, therefore, remains 
largely at the research stage. Finally, fluorine creates strongly 

electron‐withdrawing C–F linkages that promote sp2 to sp3

carbon on the surface, producing highly polar surfaces suitable 
for specialized catalytic or superhydrophobic uses, but the 
severe conductive loss, mechanical brittleness, and toxic fluo
rination chemistry, including HF‐risk, make F‐doping not ideal 
for large‐scale GA‐based energy devices [136].

The evidence gathered from the comparison as a whole indi
cates that N remains the most scalable and balanced hetero
atom dopant, with boron, sulfur, and phosphorus providing 
more specific functional advantages, and fluorine is generally 
limited to niche applications.

3.4 | Role of Pyridinic and Graphitic Nitrogen in 
NGA Supercapacitors 

After N atoms are incorporated into a carbon (Graphene) 
structure, they take certain bonding patterns that can be iden
tified by standard techniques such as XPS. Graphitic N (or 
quaternary N) is defined to be nitrogen replacing one carbon 
atom within the basal plane, creating three C‐N bonds in a 
graphitic sp2 configuration. Pyridinic N is a 3‐coordinate sp2

nitrogen located at carbon vacancy sites or edge, which forms 
one lone pair and two C‐N bonds to carbon, typically within six‐ 
membered ring defects. Pyrrolic N, in contrast, is a five‐ 
membered ring sp² nitrogen integrated in a pentagonal ring 
defect. These species can be distinguished by their N1s binding 
energies: pyridinic N at 398–399 eV, pyrrolic N at 400 eV, gra
phitic N at ~401 eV, and so on [141]. In addition, most N‐doped 
carbons also contain oxidized N species (e.g., N‐oxides), but 
here we concentrate on the intrinsic pyridinic and graphitic 
sites shown to exist. Even though oxidized N groups (e.g., 
N‐oxides) are often present in N‐doped carbon‐based materials, 
the most important structural and electrochemical sites are the 
intrinsic pyridinic and graphitic sites.

It is important to note that both graphitic and pyridinic N atoms 
are usually thermodynamically stable in a carbon lattice, par
ticularly when experiencing high‐temperature treatments, 
whereas pyrrolic N can transform to other species upon 
annealing [142, 143]. Therefore, there is a tendency during 
many synthesis processes (especially the thermal annealing 
with nitrogen‐rich precursors) to enhance both the attachment 
of pyridinic and graphitic N groups. For instance, Faisal et al. 
(2017) employed uric acid as a nitrogen source and reached a 
9.2 at% total N with high content of pyridinic and graphitic 
species, using two‐electrode system in an aqueous electrolyte, 
they demonstrated the direct benefits of these configurations on 
the electrochemical performance, reaching a capacitance of  
230 F/g (at 1 A/g) and an energy density of 62.6 Wh/kg [144].

The electrochemical roles of the dominant N‐species are quite 
different. Pyridinic N, which is located at edge and defect sites, 
donates a single p‐electron to the pi‐system and has a lone pair 
that is available for redox chemistry. Its presence leads to the 
introduction of highly polar functional sites that increase 
pseudocapacitive behavior due to ion adsorption, protonation‐ 
deprotonation, and other Faradaic processes [145, 146]. As a 
result, the pyridinic N is responsible for capacitance values that 
are higher than what would be anticipated from surface area 
alone. However, its effect on its electronic conductivity is low 
and may even lead to slight p‐type behavior according to DFT 
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predictions. Its agency is thus principally chemical activation 
rather than electronic increase; therefore, it can be particularly 
beneficial for pseudocapacitive reactions and catalytic reactions. 
Graphitic N, on the other hand, replaces itself directly into the 
basal plane and offers one more electron to the conjugated 
system, functioning as an n‐type dopant. This incorporation 
induces a higher Fermi level and carrier density, which leads 
subsequently to higher electronic conductivity and higher 
EDLC contribution to capacitance [144]. These conductive 
improvements reduce electron transport pathways, allowing for 
faster charge‐discharge processes and even better rate capabil
ity. Although graphitic N is less reactive than pyridinic N in 
terms of both chemical reactivity and lack of direct participation 
in redox reactions, it has a modulating effect on the carbon 
electronic structure, may enhance the accessibility of ions, and 
may increase interlayer distance slightly. Furthermore, atten
tion has been drawn to the fact that quaternary N can promote 
surface wettability, thereby enhancing electrolyte penetration 
and electrochemical utilization [145, 147].

The dual benefits of nitrogen active sites in these materials arise 
from: (1) Faradaic pseudocapacitance created from surface 
redox reactions, and (2) increased conductivity aiding well 
double‐layer charging kinetics. The former is mainly affected by 
pyridinic and graphitic N species, which also exhibit a syner
gistic effect when used together [143, 145]. These underlying 
mechanisms have been revealed by Density Functional Theory 
(DFT) calculations, with one study employing the method to 
determine the impact of various N‐bonding on graphene's 
capacitance, showing that graphitic and pyridinic N enhance 
total capacitance by increasing quantum capacitance [146]. On 
the other hand, pyrrolic N tends to lead to a capacitance 
reduction owing to its lower contribution to the electronic 
density of states near the Fermi level. This difference is due to 
the fact that graphitic and pyridinic N can be involved in the 
creation of extra electronic states that can be involved in the 
charge storage process, while the localized pentagonal ring 
structure of pyrrolic N cannot provide the same benefit. DFT 
calculations also showed that graphitic‐N doping shifts 
graphene's Fermi level into the conduction band (n‐type dop
ing), whereas pyridinic and pyrrolic N can induce p‐type 
behavior, results that are in good agreement with their experi
mentally observed impact on conductivity [142].

These theoretical predictions are well confirmed by experi
mental evidence. As mentioned in one study, the synthesized 
graphene enriched in pyridinic and graphitic N was shown to 
exhibit the highest specific capacitance of 230 F/g and an energy 
density of ∼62.6 Wh/kg, much higher than that of undoped 
graphene‐based electrodes [144]. More recently, Gu et al. (2023) 
showed the distinct electrochemical roles of pyridinic and gra
phitic N by making use of a tunable N‐doped porous carbon that 
is derived from 4,4′‐bipyridine, which provided some form of 
control over configuration. The material with higher pyridinic 
content showed a much higher specific capacitance of 436 F/g 
in aqueous KOH electrolyte because of the increased pseudo
capacitance, and it also retained 100% capacity over 5000 cycles. 
This emphasizes the ability of pyridinic N to form reversible 
Faradaic active sites, presumably involving a reversible redox 
surface group or N‐OH in alkaline electrolyte. In contrast, in 
an ionic liquid electrolyte (EMIMBF4), the carbon materials 
enriched in graphitic N delivered higher energy densities (up to 

125.4 Wh/kg) due to better double‐layer charge storage and 
electronic conduction behavior [145]. The lower internal 
resistance and more efficient electron transport were due to the 
graphitic N, which typically does not participate in Faradaic 
reactions, but which benefited electron transfer only through 
EDLC.

In addition to standard electrochemical measurements, in‐situ/ 
operando characterizations are beginning to uncover information 
about how N functional groups behave during charge–discharge. 
For example, operando XPS and related spectroscopic studies have 
shown that surfaces enriched in pyridinic/pyrrolic N can experi
ence reversible chemical interactions with electrolyte species 
during cycling. These interactions are usually represented as weak 
redox peaks or deviations from the ideal rectangular shape in CV 
curves, reflecting combined non‐Faradaic (EDLC) and Faradaic 
contributions typically associated with surface functionalities such 
as quinone‐like moieties or protonation‐deprotonation of N sites in 
acidic electrolytes [143]. On the contrary, graphitic N is likely to be 
sustained electrochemically active but chemically inactive upon 
cycling. Its main contribution is the enhancement of electronic 
conductivity, leading to lower equivalent series resistance (ESR) 
and faster frequency response. For example, Zhang et al. (2016) 
demonstrated that the bulk conductivity of graphene/Fe O3 4
aerogel (174 S.m 1) was tripled due to plasma treatment by 
introducing graphitic N as compared to undoped RGO, which in 
turn significantly enhanced the rate capability of the super
capacitor. The authors also reported that hydrothermal reduction 
alone produced N primarily as pyridinic/pyrrolic N, with little 
graphitic N, whereas plasma treatment generated a distinct 
graphitic‐N XPS peak at 401 eV [141]. The plasma‐doped aerogel 
exhibited 153% enhanced specific capacitance compared to that of 
the undoped baseline, which pointed out that it was crucial to 
obtain graphitic N in the framework for unlocking high per
formance with respect to electrical connectivity and effective 
utilization of the 3D porous structure.

In conclusion, pyridinic‐N and graphitic‐N are used as cooperative 
active sites in graphene aerogel electrodes for supercapacitors. 
Pyridinic N serves as an electrochemically active site, which is 
capable of reversible redox processes to enhance capacitance 
through the pseudocapacitance effect, while Graphitic N mainly 
promotes the electronic properties of the graphene‐based materials 
by increasing electrical conductivity and raising the density of 
states in its conduction band to improve double‐layer capacitance 
and rate capability. Simultaneous coexistence of the two types in a 
synergistic manner can yield ultrahigh overall capacitance and 
energy density, particularly in materials that combine a high‐ 
surface‐area 3D framework with rich pyridinic and graphitic 
N content. This mechanism is corroborated by DFT studies that 
show increased quantum capacitance associated with these 
dopant‐induced electronic modifications. These dopants, and in 
some cases the way they behave under operation, have been 
directly observed with advanced characterization techniques (XPS, 
in‐situ spectroscopy), confirming their functional roles.

4 | Performance, Stability, and Scale‐Up 
Considerations for NGA Devices 

Flexible NGAs should withstand repetitive deformations 
like bending and compression while in operation. Owing to 

20 of 33 Battery Energy, 2026

 27681696, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.70083 by N

ational Institutes O
f H

ealth M
alaysia, W

iley O
nline L

ibrary on [21/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



graphene's intrinsic mechanical strength, these aerogels can 
provide high fatigue resistance; e.g., hybrid graphene aerogel 
sensors show consistent piezoresistive performance under 
loading/unloading for more than 20,000 cycles [147]. Similarly, 
a nitrogen‐doped graphene composite aerogel demonstrated 
remarkable elastic and compressive properties for use in pres
sure sensors, with ultralong‐term compressive cycle stability 
and sensitivity after thousands of uses. These findings show the 
importance of structural design strategies, such as polymer 
reinforcement or CNT incorporation, which can significantly 
preserve functionality in NGA‐based devices subjected to long‐ 
term mechanical stress [148]. Nevertheless, pristine graphene 
aerogels remain brittle, and their highly porous structure can be 
plastically deformed or collapse under certain stress conditions. 
Accordingly, the development of a durable aerogel structure 
capable of surviving mechanical fatigue and microfracture is 
required so that these materials can endure in the long term [3].

For wearable or flexible power sources, NGA‐based electrodes 
should be able to withstand the repetitive charging‐discharging 
process, and nitrogen doping can provide more active sites and 
higher conductivity, thereby improving electrochemical per
formance. In past studies, it has been demonstrated that NGAs 
have high capacitance with stable cycle stability in long‐term 
cycling. For example, an NGA electrode showed higher capac
itive properties and kept steady capacity during long‐term 
charge/discharge in H SO2 4 electrolyte. At the practical level, 
NGA‐SSCs exhibit about 80%–90% of their initial capacitance 
after several thousand cycles, indicating excellent cyclic stabil
ity. However, severe operating conditions (e.g., a high‐current 
cycle or temperature changes) may reduce its performance due 
to the decomposition of an electrolyte or structural instability, 
and hence, cautious device encapsulation and heat dissipation 
are part of the NGA device life history in order to maintain such 
performance levels under real operating conditions [14].

Any wearable device has to be compatible with direct or occa
sional skin exposure. In general, graphene‐based materials are 
considered biocompatible for skin‐mounted sensors but can be 
potentially hazardous when reduced to nanoscale dimensions. 
Notably, many studies indicate that nitrogen doping can 
improve the biocompatibility of graphene or its derivatives. In a 
2024 study, it was reported that substantially reduced oxidative 
stress and cytotoxicity for N‐doped graphene were much lower 
than that of pristine GO in vitro and in vivo assays, and it was 
found that the N‐doped graphene induced very low levels of 
inflammation and apoptosis, suggesting that it might be useful 
for biomedical or on‐skin applications [149]. However, despite 
this promising result, some cases have been documented in 
which direct contact with graphene has caused mild skin irri
tation in an occupational setting. Therefore, it is also important 
to ensure that NGA‐based wearable devices are encapsulated or 
coated with biocompatible layers to avoid potential skin irrita
tion and the release of nanoparticles [150]. Toxicological as
sessments of NGAs are continuing, and although they appear to 
be relatively low risk at present, long‐term studies are still 
needed to determine their safety based on long‐term use.

Understanding how NGA devices fail is also a key factor in safe 
operation. One common failure mode is mechanical damage to 
the material, which can reduce structural integrity and poten
tially cause graphene particle release. The open structure of 
NGAs may cause the network to collapse when overstressed, 

which leads to a rapid decrease in conductivity or sensing 
performance. To alleviate this, devices are designed with strain 
limits and strong encapsulation in such a way that the aerogel 
remains contained upon fracture. Another issue with energy‐ 
storage devices is overheating or shorting, and although carbon 
aerogels are nonreactive and nontoxic under ambient condi
tions, they may become hot if an internal short circuit occurs in 
a flexible battery or supercapacitor [3]. The electrodes them
selves of NGA are stable even if the temperature becomes high, 
but it is possible that they will be oxidized and produce car
bonaceous dust and nitrogen oxides, because of the existence of 
nitrogen content. Based on this, thermal management and cir
cuit protection are used to avoid thermal runaway. In summary, 
for the safe deployment of NGA‐based wearable devices, a 
combination of system‐level protection strategies, such as en
capsulation, thermal management, and circuit protection, must 
be supported alongside materials optimization strategies, such 
as emphasizing composite reinforcement to ensure long‐term 
mechanical integrity and reduce health and safety risks.

There are several challenges in migrating NGA devices from a 
lab prototype to large‐scale industrial production, such as the 
uniformity of materials, which highlights the challenges of 
nitrogen doping and pore structure consistency across large 
aerogel batches, which are non‐trivial [14]. High N content and 
high BET surface area are hard to achieve at the same time, and 
one may hinder the other. To obtain NGA with reproducible 
properties, tight control over sol‐gel chemistry or CVD proces
sing conditions is demanded, and the device's performance can 
vary even with minor differences in the doping levels and/or 
pore size distribution.

Laboratory NGA production typically uses self‐assembly tech
niques (e.g., hydrothermal, chemical reduction) followed by 
freeze‐drying or supercritical drying, which can be expensive 
and difficult to scale up, and given these cost‐intensive, complex 
processes, it appears uneconomical on an industrial scale. In 
addition, producing high‐quality graphene in bulk is itself 
costly, and doping it (depending on the doping source) is ex
pensive; thus, this is a well‐known limitation to the extensive 
commercialization of graphene‐based SCs and sensors. Cheaper 
routes, such as ambient‐pressure drying or 3D‐printed GAs, are 
being explored to increase throughput. For flexible electronics, 
NGA materials have to be compatible with polymeric or textile 
substrates, but it is not easy to have strong adhesion and 
compatibility between a brittle aerogel and a soft substrate [3]. 
Differences in mechanical properties between these two can 
result in delamination or cracking upon bending the device, and 
one solution is to add polymers or binders to the NGA 
(composites) to impart flexibility and improve bonding [148]. A 
further problem is maintaining a stable electrical contact. In 
large‐scale integration, there must be reliable methods for pat
terning or attaching NGA electrodes without sacrificing their 
high specific surface area or structural integrity.

All of these scale‐up challenges–including material uniformity, 
cost, and integration are still an active area of research. For 
example, there are ongoing efforts to strengthen NGAs through 
tailored formulations (e.g., adding cross‐linkers or secondary 
nanomaterials) that impart greater mechanical strength and 
improve the roll‐to‐roll manufacturing of NGA‐based inks. 
Solving these problems is key to getting NGA‐based wearable 
devices out of the lab and into the commercial space.
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5 | Electrolytes and Their Influence on NGA 
Performance 

NGAs exhibit electrolyte‐dependent features, since ion size, 
ionic conduction, viscosity, and voltage stability in hierarchical 
pore networks directly influence the charge storage. In aqueous 
KOH, performance is limited by the very high ionic conduc
tivity and low viscosity, which allow rapid mobility of K+ and 
OH through the aerogel pores [151]. Given the small size of 
these ions, they can reach most micropores; hence, NGAs show 
very high specific capacitance, with reported values up to 
346 F/g in KOH and approximately 321 F/g retained after 2000 
cycles [152]. Nitrogen sites additionally improve wettability and 
redox‐active pseudocapacitance that could avoid structural 
collapse and preserve its electrochemical stability upon long‐ 
term cycling [153]. The most significant drawback of aqueous 
electrolytes is the relatively narrow voltage window of water 
(~1.2 V) that has limited energy density despite high capaci
tance (E CV= 1

2
2). Nevertheless, aqueous NGAs are still in

teresting candidates when benefits such as high power, fast 
charge–discharge ability, and stable cycling are required, 
with degradation observed only close to the electrochemical 
limits of water, where some carbon corrosion may take place. 
Well‐designed N‐doped aerogels commonly circumvent harsh 
damage losslessly.

For organic electrolytes such as 1 M TEABF4 in acetonitrile, the 
main advantage is the very broad voltage window of 2.7–3.0 V, 
with energy density twice that of aqueous systems [151]. 
Nevertheless, the ion mobility is lower as the ACN‐based elec
trolytes are more viscous and less conductive than KOH, lead
ing to higher internal resistance and reduced rate performance. 
Organic ions, in fact, have a size much larger than K+; TEA+, for 
instance, has an equivalent diameter of 0.68 nm, which prevents 
it from entering the smallest micropores. As a result, the 
capacitance is rather low (100–150 F/g), and a porous carbon 
electrode gives 130 F/g at 1 A/g. Organic systems do lose 
capacitance but make up for it with high energy, such that, e.g., 
a carbon device operating at 3.0 V could reach 55 Wh/kg. Cy
cling stability is also strong, with 85% of the specific capacitance 
retained after 10,000 cycles in TEABF4/AN [153]. In NGAs with 
multimodal porosity, mesopores can provide pathways for the 
transport of bulky ions and effectively bridge the gap between 
aqueous and organic systems, while nitrogen doping can further 
increase polarity and improve ion anchoring, mitigating the 
penalty associated with large organic ions.

Ionic liquids (ILs) electrolytes, particularly EMIMBF4, provide the 
largest voltage window of 3.5–4 V, giving rise to very high energy 
densities, often exceeding 100 Wh/kg. On the other hand, ILs have 
considerably greater viscosity and lower ionic conductivity than 
other electrolytes [151], which slows down ion transport and 
restrains high‐rate performance. Ion size is relevant again, with 
EMIM+ (≈0.7 nm) and BF4 (≈0.48 nm) bearing difficulties 
passing through micropores, making hierarchical meso‐ 
macroporosity essential for optimal performance. Despite these 
limitations, NGA in pure ILs delivers decent capacitances, typi
cally 150–210 F/g, with reports of up to 212 F/g and 182 F/g in 
N/S‐co‐doped aerogels. Due to the high operating voltage, energy 
densities of 100–117 Wh/kg at ~1 kW/kg are attainable, and 
IL‐based NGA devices have good cycling stability, ~90% retention 
after 3000 cycles [153]. The solvent‐free nature of ILs inhibits 

common degradation routes related to electrolyte decomposition, 
enabling their safe high‐voltage operation.

Across all electrolyte classes, three general principles con
sistently emerge, and the first of this is that ion size has to 
match pore size: small K+/OH ions make use of microporosity 
to its fullest extent, while bulky TEA+ or EMIM+ need meso
pores; this is illustrated by a hierarchical carbon/graphene 
electrode where KOH achieved 303.8 F/g vs 280.0 F/g for an IL, 
which is in line with structural optimizations reducing ion‐size 
penalties. Second, viscosity determines power performance, as 
the ion transport in aqueous KOH is fast, ACN‐based organics 
exhibit intermediate behaviour, while very viscous ILs result in 
the least power. Third, the nitrogen doping is also beneficial 
universally, resulting in improved wetting ability, conductivity, 
and pseudocapacitive ion binding, which increases the capaci
tance in all electrolytes. Taken together, the literature reveals 
that the choice of electrolytes controls the trade‐off between 
capacitive power and energy density, while nitrogen‐doping 
consistently stands out in all aqueous, organic, and ionic‐liquid 
systems.

6 | Synthesis Techniques 

Since micromechanical cleavage produced the highest‐quality 
graphene with the fewest flaws, it was initially the most widely 
utilised method for graphene production [154]. The Scotch tape 
method, so named because it uses adhesive tape in the ex
foliation process, was devised in response to the technique's 
limitations and in an effort to find alternative approaches. As 
seen in Figure 7, a wide variety of methods have been used over 
time and may be categorised as either top‐down or bottom‐up 
methods [155, 156].

The former method is said to be a process that starts with 
fragmenting bigger precursor materials that would lead to the 
smaller graphene structures. A combination of scalability and 
high‐quality production with minimal defects makes this 
approach highly desirable. That said, this approach does have 
its own challenges, specifically linked to its ability to ensure 
consistent characteristics, obtain optimal yields, and, the biggest 
of them all, reliance on resources like graphite producers, 
which are very limited. The bottom‐down approach, on the 
other hand, is known to use other carbon sources in order to 
synthesise graphene, and these would involve developing from 
an atomic‐sized precursor, which leads to a defect‐free material, 
and these are known to have a higher surface area. These 
processes are costly compared to the top‐down approach, and 
the steps required for the conversion of the process are also very 
sophisticated [157].

From these two approaches, there have been different tech
niques introduced for the synthesis of GAs, and the most widely 
popular techniques are chemical reduction and hydrothermal 
reduction, which are attributed to the approaches' facile syn
thetic route in addition to the increased control the chemical 
reduction provides in controlling the pore morphology [10, 158, 
159]. The GAs are mostly developed from the GO precursor 
through a reduction process, and the GA's overall performance 
would depend on the dispersion of graphene in the substrate. In 
addition to this, there are many techniques that use the modi
fication of the covalent and non‐covalent bond between the 
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polymer and GO matrix, and then this mixture is subjected to 
ultrasonic dispersion, which would help to break down van der 
Waals forces that cause aggregation, thus improving both 
structural quality and material performance [78]. That said, of 
the different techniques that are highlighted in Figure 8, the 
hydrothermal reduction and chemical reduction techniques are 
most preferred, which has been attributed to the low cost and 
production scalability of these techniques. Due to the benefits 
mentioned before, this research will make use of hydrothermal 
reduction, and this section will focus on that specific technique.

In recent years, NGAs have been prepared by a wide variety of 
synthetic routes, most commonly adapting wet‐chemical or self‐ 
assembly methods originally developed for the fabrication of 

pure GA to incorporate the nitrogen source. For instance, a 
typical approach on a lab scale would be the hydrothermal self‐ 
assembly reduction of GO by using N‐rich precursors. For ex
ample, Chen et al. (2021) employed a one‐pot hydrothermal 
strategy involving GO and urea phosphate to create a hierar
chically porous NDGA (referred to as UPGA). Urea phosphate 
acts as both the reducing agent and the nitrogen source, giving 
rise to a 3D aerogel with N‐functional groups homogeneously 
distributed throughout the material. At 1 A/g, the UPGA 
achieved a remarkable 196.7 F/g and excellent ionic‐liquid en
ergy density (97.2 Wh/kg at 0.9 kW/kg). Cycling retention after 
5500 cycles was 78%. It shows that in‐situ doping at the same 
time as GO reduction can generate NGA with high capacitance; 
however, the approach uses serial autoclaves and later freeze‐ 

FIGURE 7 | Graphene synthesis method. Reproduced under the terms of the CC‐BY license [3]. © 2024, The Authors, published by Elsevier. 

FIGURE 8 | GA synthesis methods. Created by the authors using bioRender. 
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drying, which are both time and energy‐consuming processes 
that limit large‐scale throughput [3, 160]. These hydrothermal 
routes are tunable by selecting the amine precursor; for ex
ample, the addition of ethylenediamine (EDA) or dicyandia
mide during the reduction process gives pyrrolic‐/graphitic‐N 
and excess porosity. Note that in most cases, the electro
chemical performance is indicative of both high surface area 
and pseudo‐capacitance deriving from N‐sites. Depending on 
precursor type and process parameters, some N‐doped 3D GAs 
were noted to achieve outstanding specific capacitances of up to 
346 F/g or ~315 F/g in aqueous solutions, as seen in a recent 
review. Yet, reproducibly creating these structures at scale is not 
trivial; the hydrothermal step is often restricted by temperatures 
above 100°C and hours‐long reactions in autoclaves, with only 
grams produced per batch. Secondly, large‐scale freeze‐drying 
of these gels (to retain the aerogel porous structure) is costly 
and time‐consuming. While these methods are impressive in 
the lab, they will have scaling barriers unless continuous 
hydrothermal reactors or new drying methods (spray freeze‐ 
drying, etc.) are used [3, 111].

Feng et al. (2021) used a hydrothermal self‐assembly method 
with urea as a nitrogen source and foaming agent to prepare 
urea‐based N‐GA. The GO and urea were dissolved in water in a 
1:1 ratio, and they were then placed in a Teflon‐lined autoclave 
at 180°C for 12 h. The urea decomposed to release gases, which 
expanded the GO into a porous hydrogel, and at the same time, 
nitrogen was doped into the graphene matrix. The hydrogel was 
freeze‐dried to maintain its three‐dimensional structure. XPS 
complemented the incorporation of pyridinic, pyrrolic, and 
graphitic nitrogen into the carbon lattice. The N‐GA reached 
356 F/g at 1 A/g and had an energy density of 17.8 Wh/kg. 
Although possessing high electrochemical performance and 
high cycling stability (retention of 93.5% after 10,000 cycles), the 
batch nature of hydrothermal synthesis, in combination with the 
high cost and time‐consuming nature of freeze‐drying, limits 
scalability [161]. At an industrial scale, it is also challenging to 
control uniform foaming.

A different synthetic strategy involves the combination of 
chemical reduction plus freeze‐casting, or ‘freeze‐thaw’ pro
cessing, to eliminate the need for autoclaves. A recently re
ported co‐doped aerogel with a mixture of ammonium sulfate 
(for S) and EDA (for N) was added to GO; hydrothermal 
gelation followed by a simple freeze‐thaw cycle and ambient‐ 
pressure drying yielded an SN‐GA [140, 162]. The SN‐GA2 
sample showed similar values of 244 F/g at 1 A/g and 
18.1 Wh/kg at ~498 W/kg, as many of the freeze‐dried GAs 
[140]. Importantly, this ambient‐pressure drying method by
passes the use of costly freeze‐dryers or supercritical CO2 dry
ing, thus enhancing scalability. Nonetheless, straightforward 
dehydrations may well involve the physisorption of some che
micals, and increasing the open porosity of the material com
monly requires using additional methods such as hydrophobic 
agents and structural templates. Although the freeze‐thaw was 
achievable in the SN‐GA work because the polymeric soft seg
ments (PDA and PANI) effectively ‘locked in’ the network, such 
multi‐component gels can be expensive and non‐homogeneous. 
Conversely, GO/N mixtures have been demonstrated to be 3D 
printable. For instance, one recent work in 2022 used direct‐ 
ink‐writing to print a lattice of GO ink, which was plasma‐ 
treated to provide N12 a space where the resultant 3D‐printed 

N‐GA was utilised as a host for a sodium‐metal battery, dis
playing a high efficiency but without supercapacitor data, 
which also indicates that additive manufacturing can yield 
customised electrode shapes [163]. Overall, printing or coating 
techniques provide high‐structure fidelity but are still low‐ 
throughput and highly reliant on precise ink formulation. In 
general, the key takeaway is that those methods of assembly 
that do not require high temperatures (such as freeze‐thaw or 
3D ink writing) will generally be able to bypass the need for 
large autoclaves but will still necessitate continuous processing 
technologies, which remain in the first phases of research and 
development.

A separate branch of approaches uses templates or scaffolds at 
the time of GA formation. Some studies have incorporated 
sacrificial templates (salt crystals, polymer beads) with GO and 
N precursors for the generation of templated porosity. An 
important and broad example is the salt‐templated chemical 
vapour deposition technique (CVD) [164, 165], in which 
N‐doped graphene sheets are formed from exposing carbon 
precursors to ammonia gas under the guidance of molten salt 
matrices. These CVD processes can supply quantities of 
N‐doped graphene in bulk and can be replicated to generate 3D 
salt‐templated frameworks. Even so, the products made are 
typically either powders or films rather than freestanding 
aerogels. Other templating alternatives include metal‐organic 
frameworks (MOFs) or ice. An example can be seen with the 
CVD approach, which focused on the creation of N‐doped 
porous graphene, which used a mixture of melamine and Ni 
nanoparticles, which would be the template. The process is said 
to have achieved a highly functionalised graphene hybrid 
architecture that has a substantial pyridinic configuration with 
doping levels of nitrogen being as high as 12.7 at.% [164]. In 
another method, methane and pyridine were used, and this led 
to a high surface area of 1531 m /g2 . These methods are limited 
in scale due to the high cost of the MOF precursors and because 
they require being etched out of the templates. However, MOF‐ 
carbonisation methods are regarded as attractive approaches 
to simultaneously tailor pore structure and introduce a high 
heteroatom content in a one‐pot process.

NGAs were also prepared through the process of sol‐gel poly
merisation, and then they would undergo freeze‐drying and a 
high‐temperature pyrolysis process in another study. It involves 
the formation of a resorcinol–formaldehyde (RF) gel matrix 
using resorcinol and formaldehyde as the main carbon sources, 
which is the first step of the process. Melamine was used as the 
nitrogen‐containing precursor and was important to obtain 
nitrogen doping in the aerogel structure. A cross‐linked 
hydrogel network was generated in a sol‐gel paired regime 
and aged for structural stability. Afterwards, it was freeze‐dried 
to eliminate water but maintain its highly porous three‐ 
dimensional structure. This is an important step to keep the 
surface area and pore connection needed for electrochemical 
applications. Following drying, the material was subjected to 
pyrolysis in an inert nitrogen atmosphere (usually near 800°C), 
during which melamine decomposed, releasing nitrogen species 
that chemically bond to the carbon framework, creating nitro
gen functionalities (graphitic‐N, pyridinic‐N, and pyrrolic‐N). 
Based on this study, the nitrogen‐doped graphene aerogel ex
hibited a specific capacitance of 245 F/g at 1 A/g of current 
density, and the material exhibited stable cycling inhibition, 
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which confirms its utility for supercapacitor applications. These 
structural features, like high surface area with interconnected 
pores, enabled fast ion transport and charge storage. The sol‐gel 
process is dependent on stoichiometric ratios and reaction condi
tions, which must be carefully controlled in order to produce high‐ 
quality graphene‐based aerogels [166]. Plus, freeze‐drying is 
energy‐ and time‐intensive and thus impractical for industrial‐ 
scale production. Pyrolysis requires a high thermal input and 
operating in an inert environment, which makes its industrial 
implementation even more difficult. Therefore, although this 
approach offers superior structural and electrochemical properties, 
it requires some development towards an economically advanta
geous and highly scalable mass production.

From this, it is quite clear that hydrothermal reduction is one of 
the most widely accepted and adopted strategies that are used 
for synthesising various types of graphene aerogels; while other 
techniques have shown promising improvements, they are not 
yet as effective or usable as hydrothermal reduction, which 
makes them the primary choice. Table 5 provides a comparison 
of the various synthesis methods used for GAs.

7 | Discussion 

The growing need for energy storage systems with effective and 
sustainable storage mechanisms makes GAs the perfect mate
rial for high‐performance supercapacitor electrodes; this is 
because they have a high surface area, porosity, and 3D net
work, which tackle the common problems like stacking and 
poor ion movement seen in graphene‐based materials. Of all the 
diverse modifications that are made to improve their electro
chemical behaviour and overcome their limitations, nitrogen 
doping has been one of the most extraordinary strategies de
veloped. By examining the synthesis techniques used, the 
impact of nitrogen on the internal structure, the potential for 
large‐scale production, and the effectiveness of N‐doped gra
phene aerogels as supercapacitor electrodes, the article con
centrated on the most recent research conducted on NGAs over 
the previous 5 years. The results would support the study goal, 
which is that nitrogen doping, doping level, and synthesis 
technique are all important factors in optimising NGA 
frameworks.

The choice and design of the synthesis method are among the 
most important factors affecting the performance of NGAs. 
Various synthesis strategies have been explored in this article, 
such as hydrothermal reduction, sol‐gel polymerisation, freeze‐ 
drying, pyrolysis, dual‐template strategies, and CVD. For 
instance, the use of urea or melamine as nitrogen precursors, 
along with a one‐step hydrothermal self‐assembly method, en
ables simultaneous foaming and doping. This method is char
acterised by straightforwardness, low cost, and the ability to 
obtain aerogels with high specific capacitance (430 F/g) and 
high energy density (17.8 Wh/kg). Nevertheless, the batch 
nature of the process and the limitations of freeze‐drying are 
the main factors leading to limited industrial scalability. How
ever, these methods are good at entrapping pyridinic and gra
phitic nitrogen groups, which improve the conductivity and 
faradaic reactions. Likewise, dual‐template‐assisted approaches 
based on, for example, polystyrene beads and melamine enable 
a hierarchical pore structure. The generation of macro‐ and 

mesopores, moreover, enhances ion diffusion kinetics, which 
leads to aerogels with favourable ion diffusion properties. High 
performance has been demonstrated with specific capacitance 
values of ∼402 F/g and energy densities of ∼28 Wh/kg. How
ever, these strategies bring extra environmental and economic 
stipulations, especially due to the subtraction of sacrificial 
templates and the crucial demand for exact regulation of the 
pore structure. Yet, they provide a useful strategy to design 
aerogels with desired performance through their structure.

In addition, sol‐gel polymerisation involving both freeze‐drying 
and pyrolysis is another strong synthetic route, reflected in 
studies of resorcinol–formaldehyde frameworks doped with 
melamine. They feature homogeneous nitrogen distribution, a 
high specific capacitance (245 F/g), and excellent cycle stability. 
Melamine is a substance that raises nitrogen levels while still 
providing structural integrity. Once again, the main drawbacks 
are the precursor batch sensitivity of the sol‐gel system and the 
energy requirements linked to freeze‐drying and pyrolysis. Such 
challenges are representative of most lab‐scale syntheses and 
point to a fundamental trade‐off between microstructural pre
cision and scalability. Structurally, the configuration of nitrogen 
inside the carbon matrix is known to influence the electro
chemical performance and behaviour of the final NGA. Among 
the various N species, pyridinic‐N and graphitic‐N are especially 
important because they not only promote electrical conductivity 
but also supply more active sites for pseudocapacitance. The 
utilisation of urea, EDA, and melamine tends to enhance the 
fraction of these nitrogen types, particularly after being carbo
nised at 800°C, and the resultant three‐dimensional porous 
structure, obtained through freeze‐drying and self‐assembly, 
makes it easier for electrolyte access while reducing ion diffu
sion resistance, enabling high power densities and rate 
performance.

NS–rGOA is one of the most promising candidates due to the 
fact that the specific capacitance and other electrochemical 
properties of the material are found to be as high as 931 F/g, 
36.56 Wh/kg, and 96% cyclic stability after 10,000 cycles, 
respectively. These outcomes constitute the best balance of 
optimal charge storage with continual carbon fibre structural 
durability in both two‐ and three‐electrode configurations. 
This high performance stems from well‐optimised internal 
porous properties and efficient nitrogen doping, which is 
probably composed of pyridinic and graphitic nitrogen spe
cies, resulting in high conductivity and pseudocapacitance. 
The retained high specific capacitance values of NG/MnO2
and Co O3 4‐ZnO/NGA (609.9 F/g and 543 F/g, respectively) 
also accompany the good cycle life (up to 98% retention re
ported for NG/MnO2). Moreover, it seems that metal oxide 
plays a helpful role in increasing the faradaic contribution 
and making ion accessibility more efficient. However, it is 
unclear whether these composites would be suitable for a 
device that requires a sustained energy output over time, 
since no energy densities have been reported. On the other 
hand, NGA (Asn) exceeds 80,000 cycles at a retention rate of 
99.3%—a value that rarely occurs among any porous carbon‐ 
based supercapacitors. Although it has moderate specific capac
itance (291.6 F/g) and a high energy density (23.8 Wh/kg), 
its performance and extreme durability will make it ideal for 
long‐term commercial applications, especially in extreme or 
repeat charge‐discharge situations.
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That said, there are some materials that disappoint compared to 
their counterparts. One of the best examples of this would be 
N/S‐GA‐2, and from the findings, it is quite clear that it has a 
low specific capacitance value, which is not as high as the other 
models at 169.4 F/g, and the poorest cycle life in comparison to 
the other studies, with 3000 cycles in which it retains only 
77.2%. This may be due to insufficient nitrogen doping and/or 
the unstable electrode‐electrolyte interface. Moreover, NCA 
from APMP is also one of the least favourable entries, with only 
185 F/g of capacitance and no data on cycling stability and 
energy density available. This lack of such critical parameters in 
many studies limits their relevance in comparative studies and 
highlights the need for systematic and standardised character
isation. However, while several materials show individual 
merits, the data set highlights a pervasive inconsistency 
of reported values, hindering comprehensive performance 
benchmarking. Though many studies present extensive 
data on specific capacitance and cycling stability, often report
ing thousands to tens of thousands of cycles, energy density, a 
critical performance parameter for practical applicability, is 
rarely included. Consistently, materials like Co O3 4‐ZnO/ 
NGA, NG/MnO2, and BN‐HGA achieve remarkable capaci
tance and cycling properties while omitting any relevant energy 
density information, making it hard to determine the complete 
storage capability. In contrast, while NPHG and DHAQ‐NGA 
show high energy density capacities, there is an ambiguity re
garding long‐term degradation or possible operational voltage 
windows. Such inconsistency further emphasises the necessity 
for standardised and comprehensive reporting, namely with 
respect to energy and power density values obtained using two‐ 
electrode set‐ups, which more closely mimic realistic device 
operation. It is only by such uniform benchmarking that ma
terials can be compared in a meaningful way, and steps toward 
commercialisation at scale can be taken.

Going forward, the focus of research should be the scale‐up of 
the synthesis methods while maintaining performance. Com
mon practices such as freeze‐drying, hydrothermal reduction 
process, and post‐carbonisation treatments are energy‐ 
consumptive and batch‐limited. This prompts the immediate 
need for investigation of alternative synthesis strategies. For 
instance, microwave‐assisted hydrothermal synthesis shortens 
processing time and can also aid in uniform doping. Similarly, 
aerosol‐assisted self‐assembly towards scalable template‐free 
fabrication of porous structures. In addition, electrochemical 
doping and self‐healing methods introduce nitrogen function
alities post‐aerogel formation without aggressive heat treat
ments. Moreover, scalable fabrication techniques such as spray 
drying and inkjet printing would allow for commercial‐scale 
production of flexible, device‐ready electrodes.

More importantly, research on heteroatom co‐doping, such as 
nitrogen‐sulfur, nitrogen‐boron, and nitrogen‐phosphorus sys
tems, needs to go much deeper to illustrate the combination 
effect for additional improvement of electrochemical behaviours. 
Although a few dual‐doped systems have been utilised (e.g., N/S‐ 
GA‐2, SNGA4‐BII), their combination of multiple dopant species 
and the interaction of dopants have not been well characterised 
with regard to structure‐property relationships. Lastly, there is a 
greater need to focus on studying long‐term degradation mech
anisms, especially under the conditions of use (e.g., high tem
perature, mechanical flexing (for flexible/wearable devices), or 

non‐aqueous electrolytes). Notably, materials such as BN‐HGA that 
have been tested in flexible configurations pave the way toward 
these applications, but robust assessments of stability under a 
dynamic environment are largely absent. Also, a lack of thorough 
research on controlling porosity and pore size is observed in the 
existing literature, given that these two factors are major for charge 
storage. Even though some works categorize materials as either 
mesoporous or microporous, few provide a sure method for 
managing the mix of different pore sizes. It is crucial that pore 
diameters are precisely aligned with the size of electrolyte ions, 
including their solvation shells, for EDL capacitance and ion 
transport efficiency. A number of studies indicate that discrepan
cies between pore size and ion size can substantially impede ion 
accessibility, diminish charge storage, and decrease rate capacity. 
Consequently, standardising the reporting and discourse on pore 
structure regulation, while explicitly accounting for electrolyte ion 
dimensions, would significantly expedite the advancement of next‐ 
generation supercapacitors, potentially achieving performance 
metrics that match or exceed those of batteries.

Overall, while some NGA systems currently provide impressive 
performance in certain categories, the wider field now needs to 
focus on balancing electrochemical performance with manu
facturability. The study proposes that future work is directed 
towards more sustainable and scalable synthesis routes, stan
dardisation of test conditions and improved reporting of de
tailed electrochemical profiles to allow for rational comparisons 
and fast‐tracked commercial translation.

8 | Conclusion 

Graphene aerogels containing nitrogen have emerged as a com
petitive material class for the cutting‐edge supercapacitor elec
trode. Furthermore, carbon materials' unique three‐dimensional 
porous structure, high electrical conductivity, and adjustable 
surface chemistry make them perfect for long‐term cycle stabil
ity, high capacitance, and high charge‐discharge rates. Recent 
research has demonstrated that even trace levels of nitrogen 
doping significantly alter structural and electrochemical char
acteristics. In addition to producing pseudocapacitive sites, the 
nitrogen atoms also adjust the material's electronic structure, 
increasing surface polarity and electrical conductivity. Large 
specific capacitance (> 900 F/g), large energy densities, and ex
ceptional stability (up to thousands of cycles) were attained by 
the best examples, such as NS–rGOA3, NHGA, and NG/MnO2‐ 
400. N‐GA‐4 (Asn), for example, which retains 99.3% after 80,000 
cycles; such durability can be obtained through well‐designed 
aerogel architecture and optimised doping. The above successes 
are also a reminder of the potential for nitrogen doping with 
other burying materials, for instance, metal oxides or conductive 
polymers, which can have a synergistic effect.

However, a large gulf remains between success at the laboratory 
and industrial scale‐up. A number of the synthesis methods—like 
hydrothermal assembly, freeze‐drying, and high‐temperature  
pyrolysis—are still impractical for the switch to mass produc
tion. These processes typically demand long processing times, high 
energy inputs, and stringent control over operating conditions, 
which restricts batch reproducibility and economic viability. Also, 
with fewer related routes, it uses toxic chemicals or generates lots 
of waste, which counteract some of the aims of sustainable energy 
storage solutions. A constant problem has been the lack of 
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consistency in testing protocols and how performance is reported. 
Some studies report full electrochemical characterisation, while 
others simply do not include key data (e.g., energy density or cycle 
life). In addition, most reports use three‐electrode configurations, 
which lead to performance overestimations for real two‐electrode 
devices. For accurate benchmarking and comparison of materials, 
further studies should utilise standardised procedures, including 
performance testing in a relevant device setting.

Going forward, the focus should be on synthesis methods that 
are scalable and sustainable. Fabrication methods like 
microwave‐assisted synthesis, spray‐drying, sol‐gel templating, 
and direct ink writing could pave the way towards morphology‐ 
and dopant‐composition controllable mass‐producible aerogels. 
These approaches are capable of decreasing energy consump
tion, minimising the number of process steps, and allowing for 
continuous or semi‐continuous fabrication. Simultaneously, 
further attention to the heteroatom co‐doping with sulfur, 
boron, or phosphorus, in addition to nitrogen, could increase 
the redox activity, surface wettability, and ion diffusion kinetics.

While beyond the scope of this work, future development of 
NGAs will also need to address integration into flexible and 
hybrid energy storage platforms in tandem, using common 
parameterisation for performance and scalability. Although 
many studies have indicated the possibility of a wearable form 
of supercapacitors and solid‐state configuration, these two 
important areas have not yet been widely explored as required, 
and some of the reviewed materials have shown high flexibility, 
making the materials more attractive as a future solution. 
Lastly, more mechanistic studies relating nitrogen configuration 
(e.g., pyridinic, pyrrolic, and graphitic) to electrochemical per
formance are needed to allow the design of the next generation 
of aerogels. Nitrogen‐doped graphene aerogels are promising 
candidates for high‐performance, long‐cycle‐life, and poten
tially high‐throughput supercapacitor materials.
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