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electrochemical energy storage: from synthesis
to applications

*@ Awat S. Mohammed,® Kazo K. Abdalla,®

9 Dana A. Kader, (2 ¢ Kawan F. Kayani,
@ and Shujahadeen B. Aziz (2 ¢

Sewara J. Mohammed,
Darya Sh. Hamad,” Fryad S. Mustafa,
Kovan K. Abdalla,® Harez R. Ahmed

a

Nitrogen-doped carbon dots (N-CDs) have emerged as a transformative class of carbon-based
nanomaterials for next-generation electrochemical energy storage systems, owing to their outstanding
electrical conductivity, tunable surface functionalities, and superior chemical stability. This review
systematically explores recent advances in the synthesis of N-CDs, structural engineering strategies, and
advanced characterization techniques, with an emphasis on structure—property relationships. Applica-
tions in lithium/sodium/potassium-ion batteries, supercapacitors, and metal—air batteries are critically
assessed, with a focus on how nitrogen doping enhances charge transport, cycling stability, and energy
density. The synergistic integration of N-CDs with metal oxides, conductive polymers, and hybrid
nanostructures is also discussed as a pathway to overcome limitations of conventional electrode
materials. Key challenges, including scalability, long-term cycling performance, and commercial viability,
are analyzed. Finally, we highlight future research directions, including Al-guided material discovery,
multifunctional composites, and eco-friendly synthesis approaches, providing a strategic roadmap for
developing sustainable, high-performance energy storage technologies through the rational design of
N-CD-based materials.

electrical conductivity, abundant active sites, and structural sta-
bility, enabling fast, long-lasting energy storage.””

The rapid adoption of electric vehicles, grid-connected renewable
energy systems, and high-drain consumer electronics is creating a
growing demand for high-performance and sustainable energy
storage technologies.' ™ Despite their market dominance, lithium-
ion batteries (LIBs) still struggle with limited rate capability,
moderate specific energy, and progressive capacity fade during
long-term cycling. Similarly, supercapacitors offer exceptional
power density yet are constrained by low specific energy, limiting
their practical usefulness. These shortcomings have prompted
intense research into advanced nanomaterials that combine high

“ Department of Chemistry, College of Science, University of Sulaimani,
Qlyasan Street, Sulaymaniyah 46001, Kurdistan Regional Government, Iraq.
E-mail: sewara.mohammed@univsul.edu.iq

b Department of Medical Microbiology, College of Health Sciences, Cihan University
Sulaimaniya, Sulaymaniyah City, Kurdistan, Iraq

¢ Department of Chemistry, College of Education, University of Sulaimani,
Old Campus, 46001, Sulaymaniyah 46001, Kurdistan Regional Government, Iraq

4 State Key Laboratory of Chemical Resource Engineering, Beijing University of
Chemical Technology, Beijing, China

¢ Research and Development Center, University of Sulaimani, Qlyasan Street,
Sulaymaniyah 46001, Kurdistan Regional Government, Iraq

8740 | Mater. Adv,, 2025, 6, 8740-8773

Carbon-based materials, particularly nanomaterials such as
graphene quantum dots (GQDs), carbon nanodots (CNDs), and
carbonized polymer dots (CPDs), are widely recognized as
foundational components for advanced energy storage
systems® and have been extensively studied for applications
in sensing, photocatalysis, and bioimaging.”'’ The general
promise and tunable properties of quantum dots for energy
storage have been comprehensively reviewed elsewhere.'!
Among these, carbon dots (CDs) are quasi-spherical carbon
nanomaterials with sizes below 10 nm, exhibiting intriguing
optical and electronic properties that are size-tunable, along
with a large surface area that enables easy functionalization.”"*
Nevertheless, their application in energy storage has only
recently gained significant momentum, driven largely by the
development of heteroatom doping techniques that dramati-
cally enhance their electrochemical performance.””*

Nitrogen-doped carbon dots (N-CDs) provide a real break-
through in this prospect. Introducing nitrogen atoms into the
sp> carbon framework (Fig. 1) creates graphitic-N that donates
electrons to the n-network, pyridinic-N that provides coordina-
tion sites, and pyrrolic-N that supports reversible redox
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Fig. 1 Different nitrogen configurations are present in the chemical
structure of N-CDs.

chemistry."'® Collectively, these configurations improve elec-

tron transport, ion adsorption, and pseudocapacitance, posi-
tioning N-CDs as candidates for LIBs, sodium-ion batteries
(SIBs), potassium-ion batteries (PIBs), metal-air batteries, and
hybrid supercapacitors.**”°

As shown in Fig. 2, a literature search on ScienceDirect using
the terms “nitrogen-doped carbon dots” in combination with
“sodium-ion batteries, lithium-ion batteries, potassium-ion
batteries, supercapacitors, metal-air batteries, and hybrid
energy storage systems” reveals a strong growth in publications
from 2010 to 2025. This trend reflects the expanding research
interest in N-CDs and their potential as scalable, high-
performance materials for electrochemical energy storage. Data
were retrieved in July 2025.
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Fig. 2 Papers published on the topics of “nitrogen-doped carbon dots”
and "lithium-, sodium-, and potassium-ion batteries”, as well as super-
capacitors, metal-air batteries, and hybrid energy storage systems, from
2010 to 2025. Source: ScienceDirect (Data collected in July 2025).
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Despite these breakthroughs, several challenges hinder the
widespread adoption of N-CDs. To begin with, scalable synth-
esis methods with precise control over nitrogen content and
configuration are still under development.'**¢2%2! Second, long-
term stability under diverse electrochemical conditions must be
improved to ensure reliability in practical applications. Third, for
combining N-CDs with complementary materials, including
transparent metal oxides or conducting polymers, interfacial
engineering needs to be improved. Finally, the large-scale pro-
duction of N-CD is an environmental issue that would require
newer, environmentally friendly methods of synthesis.”>>°

This review presents a comprehensive and systematic ana-
lysis of recent advances in nitrogen-doped carbon dots (N-CDs)
for electrochemical energy storage, emphasizing the connec-
tion between fundamental material properties and device-level
performance. Unlike previous reviews, this work places a spe-
cial emphasis on the structure-property-performance relation-
ships dictated by nitrogen configuration and synthesis strategy,
and it offers a critical techno-economic outlook essential for
assessing commercial viability. The discussion begins with a
systematic comparison of top-down and bottom-up synthesis
strategies, linking precursor selection and functionalization to
the resulting structural and chemical characteristics of N-CDs,
followed by an exploration of advanced characterization tech-
niques that reveal how nitrogen doping influences electronic
conductivity, surface chemistry, and charge storage behavior.
Mechanistic insights into the roles of various nitrogen types
(pyridinic, pyrrolic, graphitic) and quantum confinement
effects are provided to explain performance enhancements
across devices. The review critically assesses N-CD applications
in lithium-, sodium-, and potassium-ion batteries, supercapa-
citors, metal-air batteries, and hybrid systems, highlighting
performance improvements and underlying mechanisms. It
also explores N-CD-based nanocomposites with conductive
polymers and metal compounds, underscoring their contribu-
tions to next-generation electrodes and solid-state electrolytes.
The paper concludes with a forward-looking perspective on
remaining challenges and research opportunities, integrating a
techno-economic evaluation and discussing the roles of Al-
guided design and sustainable synthesis in advancing high-
performance, commercially viable N-CD-based energy storage
technologies.

2 Synthesis strategies of N-CDs

The synthesis of N-CDs directly influences their physicochem-
ical properties and electrochemical performance.?’ ' The two
primary approaches for synthesizing N-CDs are the top-down
and bottom-up methods,**** as illustrated in Fig. 3.

2.1 Bottom-up approaches

In the bottom-up approach, small precursor molecules (e.g,
nitrogen-containing compounds like ammonia, ethylenediamine,
or diethylenetriamine) are assembled into quantum dots through
processes such as pyrolysis and carbonization®® (Table 1).
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Fig. 3 Schematic comparison of top-down and bottom-up approaches for the synthesis of N-CDs.

This method also allows for nitrogen doping using organic
waste or biomass.?” Common techniques include:

2.1.1 Solvothermal and hydrothermal methods. Solvother-
mal and hydrothermal methods are among the most widely
used techniques for synthesizing N-CDs. In these processes,
organic precursors (e.g., urea or ethylenediamine) are dissolved
in water or a solvent, then subjected to high temperature and
pressure, leading to carbonization and nitrogen doping. These
methods are favored for their simplicity, cost-effectiveness, and
ability to produce highly fluorescent and stable N-CDs.*®

The versatility of this approach is evident in several studies.
Xie et al.*® developed an eco-friendly approach to synthesize N-
CDs from highland barley via hydrothermal synthesis (Fig. 4).

In another investigation, Lei et al. introduced a simple
solvothermal method to produce nitrogen-rich carbon quantum
dots (CQDs) through spontaneous polymerization.*® These
CQDs exhibited exceptional electrocatalytic activity for the oxy-
gen reduction reaction (ORR), making them valuable for energy
conversion and storage (Fig. 5).

However, precise control over reaction conditions (precursor
type, pressure, temperature, and duration) is crucial to tailor
the size, morphology, and functional groups of N-CDs. For
instance, longer reaction times and moderate temperatures
enhance graphitization but may cause excessive aggregation,
degrading electrochemical performance.*!**

2.1.2 Microwave-assisted synthesis.
synthesis offers a rapid, scalable, and energy-efficient route
for N-CD production. This method involves exposing precursor

Microwave-assisted

8742 | Mater. Adv., 2025, 6, 8740-8773

solutions to microwave irradiation (typically 100-800 W) for
short durations of 1-10 minutes, facilitating instantaneous
heating that promotes both carbonization and nitrogen
doping.*>** The technique provides distinct advantages over
conventional approaches, including significantly reduced reac-
tion times (minutes versus hours), exceptional nitrogen-doping
efficiency, and lower energy requirements that make it envir-
onmentally favorable. A key benefit is the homogeneous heat-
ing profile generated by microwave irradiation, which ensures
uniform particle size distribution and consistent product qual-
ity while minimizing thermal gradients common in traditional
heating methods.*>"*®

Several studies demonstrate the versatility of this approach.
Bhatt et al.”” successfully employed microwave irradiation to
synthesize N-CDs using prickly pear as a sustainable carbon
source and m-xylylenediamine as nitrogen donor, achieving
both cost-effectiveness and environmental benefits while pro-
ducing CDs with enhanced fluorescence and surface function-
ality (Fig. 6).

In another study, Xiao et al. developed a streamlined single-
step microwave process to generate highly photoluminescent
nitrogen-enriched carbon dots, as illustrated in Fig. 7.*® These
investigations highlight how microwave-assisted methods can
be adapted to different precursor systems while maintaining
the technique’s core advantages of speed, efficiency, and con-
trol over product characteristics.

2.1.3 Chemical vapor deposition (CVD). CVD is a versatile
bottom-up approach for synthesizing high-quality N-CDs. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Highland barley

Fig. 4 Hydrothermal synthesis of N-CDs from highland barley.*® Copy-
right 2019, MDPI.

N-doped carbon
quantum dots

Fig. 5 One-step solvothermal synthesis of N-CDs from N-
methylpyrrolidone (NMP).*° Copyright 2016, Royal Society of Chemistry.

this process, hydrocarbon and nitrogen precursors are vapor-
ized and decomposed at elevated temperatures (typically 500-
1000 °C), facilitating the formation of carbon dots with con-
trolled nitrogen incorporation.*> The CVD technique enables
precise tuning of doping concentrations, particle size, and
graphitization degree, yielding N-CDs with exceptional electri-
cal conductivity and well-defined surface characteristics.’>>"

A notable application of this method was demonstrated by
Kumar et al.,”® who developed a one-step CVD synthesis of
nitrogen-doped graphene quantum dots (N-GQDs) using

[
NH, 659 K Q@
+ d/ ﬂ \ e g é,
NH: 450 W, 0%0 C(é:
10 Min 0° c
Prickly pear ~ M-xylene
diamine

Fig. 6 Microwave-assisted synthesis of N-CDs from prickly pear and
m-xylylenediamine.*” Copyright 2021, Royal Society of Chemistry.
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N-CDs

Fig. 7 Single-step microwave synthesis of photoluminescent N-CDs.*® Copyright 2017, Springer.
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Fig. 8 Schematic illustration of the CVD synthesis process for N-GQDs.>2
Copyright 2018, American Chemical Society (ACS).

chitosan as a single precursor. This approach not only simplifies
the fabrication process but also produces N-GQDs with out-
standing optical and electronic properties (Fig. 8). The method
represents an economically viable and scalable route for manu-
facturing high-performance nitrogen-doped quantum dots.

Despite these advantages, CVD faces limitations in large-
scale energy storage applications due to its substantial energy
demands from high-temperature operation and the need for
sophisticated instrumentation. Additional challenges include
the high capital cost of CVD systems and the stringent process
control required for maintaining optimal gas flow rates and
temperature profiles, which may hinder mass production.”

In summary, bottom-up approaches provide versatile routes
for synthesizing N-CDs with tunable properties. While hydro-
thermal/solvothermal and microwave methods offer simplicity
and efficiency for producing N-CDs with excellent electroche-
mical activity, techniques like CVD can yield highly graphitic,
conductive N-CDs at the expense of scalability and cost. The
choice of method is therefore a trade-off between the desired
material quality, functionality, and practical considerations for
large-scale energy storage applications.

2.2 Top-down approaches

Top-down approaches synthesize N-CDs by fragmenting bulk
carbon materials into nanoscale particles**>* through physical,

8748 | Mater. Adv., 2025, 6, 8740-8773

chemical, or electrochemical processes (Table 1). In contrast to
bottom-up methods that build N-CDs from molecular precur-
sors, these techniques offer direct control over final particle size
and composition, though typically require more energy-intensive
processing. While effective for producing well-defined N-CDs,
the inherent material waste and energy demands of size-
reduction methods present significant challenges for scalable
production.®*” Representative top-down methods include:

2.2.1 Laser ablation. Laser ablation has emerged as a
precise top-down approach for synthesizing N-CDs with controlled
size and surface properties. In this process, a high-energy laser
irradiates a carbon target in a nitrogen-containing atmosphere,
generating a plasma plume that facilitates the formation of N-
CDs.*®** This technique yields high-purity N-CDs with well-defined
morphology and uniform size distribution, making it particularly
valuable for energy storage applications.

Recent studies have demonstrated the enhanced electroche-
mical performance of laser-ablated N-CDs in supercapacitor
electrodes. When fabricated from graphite in nitrogen-rich
environments and incorporated into composite electrodes,
these N-CDs significantly improve charge transport and ion
diffusion kinetics. The resulting supercapacitors exhibit excep-
tional specific capacitance and cycling stability, attributable to
the optimized structural and electronic properties of the laser-
synthesized N-CDs.®%7%®

Santiago et al.®! advanced this methodology by developing
pulsed laser ablation synthesis of N-GQDs using diethylenetri-
amine (DETA) as the nitrogen source. Their investigation
revealed that this approach produces N-GQDs with remarkable
photoluminescence properties (Fig. 9). The study provides valu-
able insights into the relationship between synthesis parameters
and optical characteristics of the resulting quantum dots.

Despite its advantages, the widespread adoption of laser
ablation faces practical challenges, including the need for
specialized laser systems and substantial energy requirements.
These factors currently limit the scalability of the technique for
industrial-scale production.®®®

2.2.2 Electrochemical exfoliation. Electrochemical exfoliation
represents a highly controllable and scalable top-down approach
for synthesizing N-CDs. The method operates by applying a
precisely tuned electric potential (typically 2-10 V) to a graphite
electrode immersed in a nitrogen-containing electrolyte solution,
often comprising ammonium salts or organic amines. During this
process, three concurrent phenomena occur: (1) electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic illustration of (a) the pulsed laser ablation setup for
N-GQD synthesis and (b) the DETA-mediated N-GQD formation
process.®* Copyright 2017, Royal Society of Chemistry.

oxidation of the graphite surface, (2) intercalation of electrolyte
ions between graphene layers, and (3) gas evolution from electro-
lyte decomposition. These combined effects lead to the progressive
exfoliation of carbon sheets and their subsequent fragmentation
into nanoscale carbon dots, while dissolved nitrogen species
become incorporated into the evolving carbon matrix.*®"®

The technique’s exceptional tunability stems from multiple
adjustable parameters. Applied voltage directly controls the
exfoliation rate and defect density, while electrolyte composi-
tion determines both the nitrogen doping mechanism (typically
yielding 2-15 at% nitrogen content) and the resulting surface
functional groups. Reaction duration (ranging from minutes to
hours) further influences the final particle size distribution
(commonly 2-10 nm) and crystallinity. This parameter space
enables researchers to precisely engineer N-CDs with tailored
optoelectronic properties for specific applications.®*”°

From a production standpoint, electrochemical exfoliation
offers significant advantages over other top-down methods. The
process occurs at moderate temperatures (20-80 °C) without
requiring expensive vacuum systems or high-power lasers, mak-
ing it both energy-efficient and cost-effective for industrial-scale
implementation. The aqueous-based chemistry minimizes
environmental impact while achieving impressive production
yields exceeding 60%. These practical benefits combine with the
intrinsic material advantages of nitrogen doping, which

Power supply

=
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4

Cooling water 304 stainless steel spiral tube

Fig. 10
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introduces n-type charge carriers, creates catalytically active
sites, and improves electrode-electrolyte interactions through
enhanced surface wettability.®”7%7>

Zhou et al.”®> demonstrated the industrial potential of this
approach through their optimized electrochemical synthesis of
N-CQDs. Their systematic investigation revealed how careful
control of electrochemical parameters could produce gram-
scale quantities of N-CQDs with uniform size distribution and
optimal nitrogen configuration (predominantly graphitic and
pyridinic N species). The resulting materials showed excep-
tional performance in energy storage devices, attributable to
their balanced combination of high conductivity, abundant
active sites, and structural stability (Fig. 10).

2.2.3 Ultrasonic synthesis method. The ultrasonic method
has emerged as an efficient top-down approach for synthesizing
N-CDs, leveraging high-frequency sound waves (>20 kHz) to
achieve nanoparticle formation, functionalization, and disper-
sion. This sonochemical process relies on acoustic cavitation,
where ultrasonic waves generate microscopic bubbles in the
reaction medium that undergo rapid formation, growth, and
violent collapse.*”*> The transient collapse of these bubbles
creates localized extreme conditions (temperatures ~ 5000 K
and pressures ~ 1000 atm) that drive two critical processes: (1)
pyrolysis of organic precursors into carbonaceous fragments
and (2) incorporation of nitrogen species into the evolving
carbon matrix.”*”®

Compared to conventional synthesis methods, ultrasonic
processing offers distinct advantages for N-CD production.
The technique operates at ambient conditions without requiring
high temperatures or pressures, making it both energy-efficient
and environmentally benign. The intense micro-mixing gener-
ated by cavitation ensures homogeneous dispersion of nano-
particles while preventing aggregation through continuous
disruption of intermolecular forces. Furthermore, the method
provides excellent control over particle size (typically 2-8 nm)
and surface functionality through adjustment of ultrasonic
parameters, including frequency (20-1000 kHz), power density
(10-500 W cm™?), and processing time (minutes to hours).”*7%””

Ma et al.”® demonstrated the effectiveness of this approach
through their innovative one-step ultrasonic synthesis of N-CDs
from glucose precursors. Their optimized protocol produced
photocatalytically active N-CDs with excellent visible-light
responsiveness, as illustrated in Fig. 11. The study highlighted

Residue

eC o0 eoN
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N-CQDs

Electrochemical reaction —J» Separation —3 Pyrolysis purification—3» N-CQDs products

Schematic depiction of the electrochemical exfoliation apparatus for the N-CQDs-related experimental device.”> Copyright 2021, Springer.
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Fig. 11 Schematic representation of the ultrasonic synthesis process for
N-CDs from glucose precursors.”® Copyright 2012, Royal Society of
Chemistry.

how ultrasonic parameters could be tuned to control the
nitrogen doping configuration (primarily pyridinic and pyrrolic N)
and optical properties of the resulting carbon dots.

In summary, top-down approaches provide an alternative
pathway to N-CDs by fragmenting bulk carbon sources, offering
direct control over particle size and composition. While meth-
ods like laser ablation and electrochemical exfoliation can
produce high-quality N-CDs with uniform morphology and
competitive electrochemical performance, these techniques
are generally characterized by higher energy consumption
and lower material yield compared to bottom-up routes. This
inherent trade-off between precise material control and

View Article Online
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scalable, cost-effective production currently limits the wide-
spread industrial adoption of top-down methods for energy
storage applications.

2.3 Precursor selection and its impact on N-doping

The choice of molecular precursors fundamentally determines
the nitrogen doping efficiency and resulting properties of
N-CDs.”® Nitrogen-rich compounds containing amines, amides,
or heterocyclic structures serve as particularly effective precursors,
enabling high doping levels that enhance electrical conductivity,
surface polarity, and electrocatalytic activity (Fig. 12). The mole-
cular architecture of these precursors directly influences three
critical structural parameters: (1) degree of graphitization, (2) pore
volume distribution, and (3) specific surface area-all of which
collectively govern ion diffusion kinetics and charge storage
capacity.”' ™

Precursor selection follows distinct structure—property rela-
tionships. Aromatic precursors like aniline or pyridine typically
yield N-CDs with higher graphitization degrees and superior
electrical conductivity due to their inherent conjugated sys-
tems. In contrast, aliphatic precursors such as ethylenediamine
tend to produce less graphitic but more surface-reactive
structures with abundant edge sites.’”**% This precursor-
dependent behavior necessitates careful optimization for
energy storage applications, where both bulk and surface
properties must be balanced through strategic precursor selec-
tion and post-synthetic modifications.”"*°

The thermal processing parameters further modulate nitrogen
incorporation. Lower pyrolysis temperatures predominantly pre-
serve pyridinic and pyrrolic nitrogen configurations, while higher
temperatures favor graphitic nitrogen formation at the expense of
overall nitrogen content through volatile loss.”” This temperature-
dependent nitrogen speciation creates an optimization challenge-
higher processing temperatures improve electrical conductivity
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OH
HO. o
° Q NH,
OH
—o HoN NH,
NH,
, /
H,N_O
(e} o H,N OH o
HOWOH — > « H N/\/U\
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HoN  CHs ,L
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N
HZN/\/ \/\NH2
Fig. 12 A graphical illustration of typical N-CD starting materials.
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but reduce accessible active sites, requiring careful balancing for
specific applications.’®®

2.4 Functionalization strategies for enhanced electrochemical
performance

Controlled functionalization of N-CDs serves as a powerful
approach to optimize their electrochemical performance. The
introduction of oxygen-containing groups (hydroxyl, carboxyl)
or nitrogen-based functionalities (amine, amide) significantly
enhances surface wettability and electrolyte accessibility,
thereby improving ion transport kinetics in energy storage
devices (Fig. 13).°* More importantly, co-doping with secondary
heteroatoms (sulfur, phosphorus, boron) creates synergistic
effects that further boost charge transfer capabilities, catalytic
activity, and cycling stability.”>'%°

Particularly noteworthy is the sulfur-nitrogen dual-doping
strategy, which generates additional redox-active sites while
maintaining good conductivity. Such S,N-co-doped CDs demon-
strate exceptional pseudocapacitive behavior in supercapacitor
applications, often doubling or tripling the specific capacitance
compared to singly-doped counterparts. Similarly, constructing
hybrid architectures by combining N-CDs with conductive
polymers (polyaniline, polypyrrole) or metal oxides (MnO,,
RuO,) through in situ growth or post-synthetic modification
can substantially enhance both stability and electrochemical
activity.94’99’1°1

3 Structural characterization and
physicochemical properties of N-CDs

Energy storage applications depend critically on the struc-
tural and physicochemical properties of N-CDs. Key factors,
such as chemical composition, optical properties, electrical
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conductivity, and surface/electrochemical stability, directly
influence charge transfer kinetics, ion mobility, and overall
storage efficiency.”* The unique structure of N-CDs, character-
ized by their small size, high surface area, tunable functional
groups, and nitrogen incorporation, enhances their electroche-
mical performance.'”'** This section discusses the essential
properties of N-CDs and their implications for energy storage
devices. Fig. 14 illustrates the characterization techniques and
structural features used to analyze N-CDs.

3.1 Chemical composition and functional groups

The chemical composition of N-CDs is predominantly governed
by their synthetic precursors and reaction conditions, with
carbon, nitrogen, hydrogen, and oxygen as the primary consti-
tuent elements. Nitrogen incorporation into the graphene-like
framework significantly enhances electronic conductivity and
electrochemical reactivity through the formation of pyridinic-N,
pyrrolic-N, and graphitic-N configurations.’”*® Among these,
pyridinic-N and pyrrolic-N actively participate in charge trans-
fer and redox reactions, while graphitic-N, embedded within
the carbon matrix, improves overall electrical conductivity.'®?
Furthermore, the presence of oxidized nitrogen species intro-
duces a negative surface charge, which facilitates enhanced ion
adsorption.'**

The surface of N-CDs is typically functionalized with amine
(-NH,), carboxyl (-COOH), and hydroxyl (-OH) groups, which
collectively improve the material’s solubility, dispersibility, and
interfacial interactions with electrodes. These functional
groups also contribute to pseudocapacitive behavior through
reversible ion adsorption and redox processes. "% To thoroughly
characterize these chemical and structural features, advanced
analytical techniques such as Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
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Fig. 13 Schematic illustration of common surface modification strategies for N-CDs.
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Fig. 14 Characterization techniques and structural features of N-CDs.

Raman spectroscopy, and X-ray diffraction (XRD) are routinely
employed.

Nelson et al. conducted a detailed structural analysis of
synthesized N-CDs using XRD and Raman spectroscopy.'®
The XRD pattern (Fig. 15a) exhibited a broad diffraction peak
centered at 26°, characteristic of an amorphous graphitic
carbon structure. Complementary Raman spectra (Fig. 15b)
revealed two distinct bands at approximately 1350 cm™' (D
band) and 1580 cm™* (G band), indicative of disordered carbon
domains and graphitic ordering, respectively. These findings
confirm the hybrid structural nature of N-CDs, comprising both
crystalline and amorphous regions.

(002)

Counts
Intensi

0 20 40 60 80
20

In a separate study, Kamaraj et al.'®” utilized FTIR spectro-
scopy to probe the surface functional groups of N-CDs. The
FTIR spectrum (Fig. 16) displayed prominent absorption bands
corresponding to O-H/N-H stretching vibrations (3400 cm™ 1),
C=O0 carbonyl stretching (1720 cm™ '), and C-N/C-O bond
vibrations (1200-1300 cm™ '), providing clear evidence of oxy-
gen- and nitrogen-containing surface functionalities.

Lei et al.* further investigated the surface chemistry of N-
CDs through XPS analysis (Fig. 17). The survey scan confirmed
the presence of carbon, nitrogen, and oxygen as the primary
elements. High-resolution C 1s spectra deconvoluted into three
components: C-C/C=C (sp® carbon), C-N (nitrogen-doped
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Fig. 15 (a) XRD pattern and (b) Raman spectrum of N-CDs.1°® Copyright 2025, Springer.
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Fig. 16 FTIR spectrum of N-CDs.*%” Copyright 2025, Chemistry Europe.

carbon), and C=O (carbonyl groups). The N 1s spectrum
resolved contributions from pyrrolic-N, graphitic-N, and
amine-type nitrogen, demonstrating successful nitrogen dop-
ing. Additionally, the O 1s spectrum revealed oxygen species in
hydroxyl and carbonyl environments, further corroborating the
presence of oxygenated surface groups.

View Article Online
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Collectively, the literature confirms that advanced character-
ization techniques (XPS, FTIR, Raman, XRD) are indispensable
for linking synthesis to performance. They consistently demon-
strate that successful nitrogen doping, achieving a balance of
pyridinic-N for redox activity, pyrrolic-N for electrolyte inter-
action, and graphitic-N for conductivity, is the cornerstone of
enhancing the electrochemical functionality of N-CDs.

3.2 Optical and electronic properties

N-CDs possess distinctive optical and electronic characteristics
arising from quantum confinement effects and nitrogen doping,
which collectively govern their photoluminescence behavior and
electronic structure. The tunable photoluminescence emission,
which can be precisely controlled through synthesis parameters,
renders N-CDs particularly valuable for optoelectronic and sen-
sing applications. For energy storage systems, their electronic
properties, including bandgap modulation and enhanced con-
ductivity, are of paramount importance. The incorporation of
nitrogen atoms creates mid-gap states near the Fermi level,
significantly improving charge carrier mobility and electroche-
mical activity.*"*®19°8628%91 1 particular, pyridinic-N and
pyrrolic-N configurations introduce localized states that enhance
redox activity, while graphitic-N species extend m-conjugation
networks to boost electrical conductivity.' >3

Researchers commonly employ UV-vis absorption and
photoluminescence spectroscopy (PL) to investigate the electro-
nic transition behaviors of N-CDs, while electrochemical
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Fig. 17 XPS analysis of N-CDs annealed at 800 °C: (a) survey scan confirming C/N/O presence, (b) detailed C 1s spectrum, (c) high-resolution N 1s
signal, and (d) O 1s peak analysis.*® Copyright 2016, Royal Society of Chemistry.
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Fig. 18

(@) UV-Vis absorption spectra of N-CDs with an inset showing solution appearance. (b) Excitation-dependent photoluminescence spectra

featuring inset emission under 380 nm excitation. (c) Fluorescence microscopy images captured at different excitation wavelengths. (d) Up conversion
photoluminescence spectra demonstrating anti-Stokes emission properties.’°® Copyright 2013, Wiley.

techniques such as cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS) provide critical insights into
their charge transport efficiency.®

Yang et al."* conducted a comprehensive optical characteriza-
tion of N-CDs using UV-vis absorption spectroscopy, revealing
distinct electronic transitions as shown in Fig. 18a. Their studies
also demonstrated excitation-dependent photoluminescence beha-
vior (Fig. 18b), with additional confirmation through fluorescence
microscopy excitation wavelengths
(Fig. 18c). Notably, the observed upconversion photoluminescence
characteristics (Fig. 18d) suggest potential applications requiring
anti-Stokes shift phenomena.

imaging under various

3.3 Surface chemistry and charge storage mechanisms

The surface chemistry of N-CDs plays a pivotal role in their
charge storage performance by governing ion adsorption,
charge transport kinetics, and electrochemical stability. Their
nanoscale size and high surface-to-volume ratio provide abun-
dant active sites for charge accumulation, making them highly
effective for capacitive energy storage,'*>'107112

N-CDs exhibit a dual charge storage mechanism, combining
electric double-layer capacitance (EDLC) and pseudocapaci-
tance. In EDLC, their large surface area facilitates rapid electro-
lyte ion adsorption, forming a stable electric double layer at
the electrode-electrolyte interface.'"® This process is further
enhanced by graphitic nitrogen doping, which improves

8754 | Mater. Adv,, 2025, 6, 8740-8773

electrical conductivity and enables ultrafast charge/discharge
cycles.*>''* Additionally, heteroatom doping (e.g., sulfur,
boron, phosphorus) or hybridization with graphene/metal oxi-
des can further boost performance by introducing additional
active sites and improving electron transfer.''>

The structural and porosity characteristics of N-CDs, which
directly influence their charge storage behavior, are typically
analyzed using transmission electron microscopy (TEM) and
X-ray diffraction (XRD). For instance, He et al.** systematically
investigated the size-dependent properties of N-CDs synthe-
sized under different conditions (Fig. 19). N-CDs prepared at
160 °C (N-CDs160-1) showed a relatively large particle size
(~4.31 nm), attributed to loosely packed polymer clusters
(Fig. 19a and b). When the temperature was increased to
200 °C (N-CDs200-1), the particle size decreased significantly
(~1.05 nm) due to enhanced carbon core formation via dehy-
dration and carbonization (Fig. 19¢ and d). Prolonged reaction
time led to larger carbon cores, with N-CDs 200-2 exhibiting an
intermediate size of ~2.24 nm (Fig. 19e and f).

3.4 Thermal and electrochemical stability

The thermal and electrochemical stability of N-CDs represents
a critical factor determining their practical utility in energy
storage applications. When synthesized through controlled
thermal treatment processes, N-CDs demonstrate remarkable
thermal stability that enables their operation in high-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 TEM images and corresponding particle size distributions of (a) and (b) N-CDs160-1, (c) and (d) N-CDs200-1, and (e) and (f) N-CDs200-2.%4

Copyright 2017, Elsevier.

temperature environments. Researchers commonly employ
thermogravimetric analysis (TGA) to systematically evaluate
the thermal degradation behavior of these materials, providing
valuable insights into their structural robustness under ther-
mal stress. From an electrochemical perspective, the stability of
N-CDs primarily depends on two key structural characteristics:
the nature of nitrogen functional groups and the degree of grap-
hitization. Stable nitrogen configurations such as pyridinic-N
and graphitic-N significantly enhance oxidation resistance
while maintaining redox activity, whereas a high degree of

© 2025 The Author(s). Published by the Royal Society of Chemistry

graphitization contributes to superior structural integrity during
prolonged cycling.">''® These features collectively enable N-CDs to
maintain their electrochemical capacity over extended charge-dis-
charge operations. Furthermore, the operational electrolyte environ-
ment, whether acidic, neutral, or alkaline, plays a crucial role in
determining the redox behavior and overall charge storage efficiency
of these materials.”® Standard electrochemical characterization
techniques, including galvanostatic charge-discharge (GCD) testing
and electrochemical impedance spectroscopy (EIS), provide essen-
tial data for evaluating long-term cycling performance and stability.
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Fig. 20 TGA curve showing the thermal decomposition profile of N-
doped GQDs.* Copyright 2019, Elsevier.

A representative study by Senel et al''” investigated the
thermal properties of nitrogen-doped graphene quantum dots
(N-doped GQDs) using TGA. Their analysis revealed distinct
thermal decomposition stages, beginning with an initial weight
loss below 150 °C corresponding to the evaporation of adsorbed
water molecules and volatile residues. The subsequent signifi-
cant mass loss occurring between 200-400 °C was attributed to
the thermal decomposition of oxygen-containing surface func-
tional groups such as hydroxyl and carboxyl moieties. This
thermal behavior profile not only confirms the material’'s
substantial surface functionalization but also highlights its
potential for applications requiring hydrophilic and biocompa-
tible properties. The TGA data, presented in Fig. 20, provide
clear evidence of these thermal characteristics.

Due to their nanoscale size, N-CDs
exhibit quantum confinement and
abundant edge defects, both of
which enhance electronic transport
and capacitance performance.

Surface defects and functional
groups introduced by nitrogen
doping enhance ion adsorption
and diffusion, which is crucial for
high-rate performance in lithium-
ion batteries and supercapacitors.

Facilitating
—| Ion Diffusion

HO™

e, (?7

& 7)

(AN
006 l}o

.

The presence of nitrogen functional
groups (e.g., pyridinic, pyrrolic,
graphitic N) contributes to faradaic
redox reactions, boosting the
pseudocapacitive behavior of N-CD-
based electrodes.

Fig. 21 Schematic diagram of the role of N-CDs in energy storage.
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4 Mechanistic insights into the role of
N-CDs in energy storage

N-CDs significantly enhance energy storage performance by
tailoring electronic properties, enabling efficient charge transfer
and synergistic interactions with electroactive materials™*®"*®
(Fig. 21). These improvements are driven by nitrogen doping,
quantum confinement effects, and interfacial dynamics, which
collectively optimize electrochemical behavior. Understanding
such mechanisms, particularly in supercapacitors and batteries,
is critical for advancing current systems and designing next-
generation high-efficiency devices."**'*

4.1 Nitrogen-doping and its effect on electronic conductivity

Nitrogen doping enhances the electron conductivity of carbon
dots by introducing additional charge carriers and modifying
the density of states near the Fermi level.'®* Nitrogen incor-
poration alters the electronic structure, promoting m-electron
delocalization and enhancing charge carrier mobility."** The
high conductivity of N-CDs facilitates rapid electron transfer
during electrochemical reactions, making them ideal for energy
storage devices.'”® Additionally, nitrogen doping -creates
defects and active sites that enable pseudocapacitive behavior,
supporting reversible surface reactions.'”® Pyridinic-N contri-
butes edge-localized lone-pair electrons, enhancing charge
storage and redox activity, while pyrrolic-N participates in
reversible redox reactions.*®'®” Owing to their superior con-
ductivity and electrochemical activity, N-CDs enable faster
charge/discharge cycles in supercapacitors and lithium-ion
batteries.'*® Techniques such as XPS and Raman spectroscopy
are widely used to probe nitrogen’s influence on the electronic
properties of N-CDs.**°

N-CDs introduces active sites and
modifies electronic structures,
promoting faster and more efficient
electron transfer in energy storage

devices.
54
&,
e
6155‘01- %‘oa
&)
09’/
The incorporation of nitrogen
Improved atoms into the carbon matrix
Electrical improves the overall electrical
Conductivity conductivity of N-CDs, making
them excellent materials for
\ supercapacitor electrodes.
?)\e&o" &d

N-CDs enhance the structural
stability of electrode materials
during repeated charge—discharge
cycles, thereby improving the
lifespan and stability of energy
storage.

-
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4.2 Quantum confinement and enhanced charge transfer

The nanoscale size of N-CDs induces quantum confinement,
enhancing their charge storage and transfer efficiency."*°
Quantum confinement modifies electronic band structures,
promoting charge separation, accelerating electron mobility,
and suppressing recombination.’*"***> Their high surface-to-
volume ratio facilitates greater ion and charge transport. Nitro-
gen doping further enhances these effects by creating charge-
trapping sites, improving charge retention.’*' This reduces
recombination losses, stabilizes charge flow, and improves
energy storage efficiency."*> In supercapacitors, quantum con-
finement improves electric double-layer capacitance (EDLC) by
increasing the electroactive surface area for ion adsorption. In
batteries, it enhances ion diffusion kinetics, enabling faster
charge/discharge rates and higher energy density.'*>*33

4.3 Synergistic interactions with other electroactive materials

N-CDs synergize with electroactive materials (e.g., transition metal
oxides, conductive polymers, and carbon-based nanomaterials) to
significantly enhance energy storage performance.'>*"**'** These
interactions optimize charge transfer kinetics, increase capaci-
tance, and improve electrochemical stability."** For example, in
graphene-based composites, N-CDs prevent graphene restacking,
expanding the electroactive surface area for ion adsorption while
acting as conductive bridges between sheets. In hybrid systems
with metal oxides (e.g., TiO,, MnO,, Fe,0;), N-CDs lower charge
transfer resistance and enhance redox activity. Their high disper-
sibility and surface functional groups promote uniform integra-
tion, optimizing electrode performance. Such synergies make N-
CD composites ideal for next-generation energy storage, delivering
high capacitance, fast charge/discharge rates, and exceptional
cycling stability.'?%3”

4.4 Influence of doping type (pyridinic, pyrrolic, graphitic
nitrogen) on performance

The electrochemical performance of N-CDs is strongly influenced
by their nitrogen configurations: pyridinic, pyrrolic, and graphitic
nitrogen. Pyridinic nitrogen, located at the edges of the carbon
lattice, enhances redox reactions and pseudocapacitance by
donating lone-pair electrons."*® Pyrrolic nitrogen, incorporated
into five-membered rings, boosts charge storage capacity and
improves electrolyte wettability, enhancing ion diffusion.'***°
Graphitic nitrogen, embedded within the carbon lattice, enhances
electrical conductivity and cycling stability by facilitating electron
delocalization.?” The electrochemical properties of N-CDs can be
tailored by optimizing synthesis parameters, including precursor
selection and reaction conditions."*"*® Through precise control,
N-CDs can be engineered for high charge capacity, rapid charge/
discharge kinetics, and long-term cycling stability."*’

5 Applications of N-CDs in energy
storage devices

N-CDs have emerged as versatile components for advanced
energy storage systems, owing to their high electrical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conductivity, tunable surface chemistry, and remarkable elec-
trochemical activity. They have been successfully integrated
into various energy storage devices, including supercapacitors,
lithium-ion batteries (LIBs), sodium-ion batteries (SIBs),
potassium-ion batteries (PIBs), metal-air batteries, and hybrid
systems (Fig. 22)."*"™'** N-CDs serve multiple functional roles,
as summarized in Table 2.

Furthermore, Table 3 presents a quantitative overview of the
performance enhancements achieved by incorporating N-CDs
into these systems. This section critically analyzes these appli-
cations, emphasizing the underlying mechanisms and specific
roles through which N-CDs contribute to improved electroche-
mical performance.'>%"®°

5.1 Supercapacitors

Supercapacitors (electrochemical capacitors) store energy
through electrical double-layer capacitance (EDLC) and pseudo-
capacitive mechanisms.'®* While carbon-based materials tradi-
tionally dominate EDLC-dominated devices, their performance
is often limited by moderate specific energy.'®® The integration
of N-CDs has emerged as a transformative strategy to overcome
this limitation, significantly enhancing supercapacitor perfor-
mance by synergistically improving specific capacitance, cycling
stability, and charge-discharge efficiency.'®* "

The enhancements provided by N-CDs are substantial and
quantifiable, as detailed in Table 3. A prime example is the work
by Li et alV’* (Fig. 23), who demonstrated that incorporating
nitrogen-doped graphene quantum dots (N-GQDs) into a cubic
porous carbon matrix boosted the specific capacitance by approxi-
mately 65%, from a baseline of ~350 F g~ * to ~580 F g *. This
performance leap is representative of a broader trend, with
empirical studies consistently reporting N-CD-based composites
achieving specific capacitances exceeding 500 F g~ " while main-
taining exceptional cycling stability over 10 000 cycles.'”>*”®

The incorporation of nitrogen dopants, particularly in the
form of pyridinic-N and graphitic-N, introduces multifaceted
advantages. Pyridinic-N atoms, located at the edges of the
carbon lattice, donate lone-pair electrons to participate in
reversible faradaic redox reactions, introducing significant
pseudocapacitance that supplements the EDLC. Concurrently,
graphitic-N, integrated within the carbon matrix, enhances the
bulk electronic conductivity of the electrode by promoting
n-electron delocalization, which facilitates faster electron trans-
port and enables superior rate capability. Furthermore, the
high surface area, abundant functional groups, and porous
morphology of N-CD-based materials collectively improve elec-
trolyte wettability and ion accessibility, thereby increasing the
electrochemically active surface area and reducing ion diffu-
sion resistance.'®' 710318

N-CDs are incorporated into electrodes via various strate-
gies, including direct deposition, composite formation with
conductive polymers or two-dimensional materials, and hybri-
dization with carbon nanotubes (CNTs). For instance, N-CD/
graphene hybrids effectively prevent the restacking of graphene
sheets, maximizing the surface area for ion adsorption while
the N-CDs act as conductive bridges and pseudocapacitive
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Fig. 22 Schematic overview of N-CDs applications in energy storage devices.

centers, leading to high energy density without compromising
power or longevity.'8783

The collective evidence solidifies the role of N-CDs as powerful,
multifunctional components in supercapacitors. They transcend
the role of a simple additive by actively participating in the charge
storage process through a threefold mechanism of action: introdu-
cing substantial pseudocapacitance via nitrogen functional groups,
drastically improving electrode conductivity, and enhancing ion
accessibility. This mechanistic synergy, as quantified in compara-
tive studies, consistently translates to measurable and significant
performance gains, firmly positioning N-CDs as key enablers for
next-generation high-power, high-energy supercapacitors.

5.2 Lithium-ion batteries (LIBs)

LIBs serve as the cornerstone of modern energy storage, power-
ing applications from portable electronics to electric vehicles.
However, the pursuit of higher energy density, faster charging,
and longer cycle life demands advanced electrode materials.
The integration of nitrogen-doped carbon dots (N-CDs) into LIB
architectures has emerged as a powerful strategy to address
these challenges, demonstrating remarkable improvements in
electrochemical performance, particularly in enhancing charge/
discharge kinetics, rate capability, and long-term cycling
stability.8* 757

8758 | Mater. Adv, 2025, 6, 8740-8773

The performance enhancements afforded by N-CDs are
significant and quantifiable. As systematically compared in
Table 3, the modification of a conversion-type anode like
Fe;O, with N-CDs can increase the specific capacity by
~37%, from approximately 800 mAh g~' to ~1100 mAh g~ *,
while simultaneously improving rate capability. This level of
improvement is representative of a broader trend, with N-CD-
modified anodes frequently achieving exceptional reversible
capacities exceeding 1000 mAh g ' at high current densities
while maintaining outstanding cycling stability." %>

These substantial gains are driven by specific micro- and
mesoscopic mechanisms, a key focus of this review. When
utilized as conductive additives or surface modifiers, N-CDs
provide a multi-faceted improvement to electrode function. The
highly conductive sp> carbon network of N-CDs facilitates rapid
electron transport to and from the active material, effectively
reducing charge-transfer resistance.'®*'°> Concurrently, the
nitrogenous functional groups, particularly pyridinic-N and
pyrrolic-N, play a critical role in electrochemistry at the elec-
trode-electrolyte interface. These functional groups promote
the formation of a more stable, robust, and ionically conductive
solid-electrolyte interphase (SEI). A stable SEI is crucial as it
minimizes irreversible lithium consumption during the initial
cycles and suppresses detrimental side reactions during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Multifunctional roles of N-CDs in energy storage devices
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Energy storage

system Role of N-CDs Mechanism/advantage Performance impact Ref.
Supercapacitors Electrode material or additive to Enhanced surface area, pseudo capacitance from Higher specific capacitance, 144
carbon-based electrodes. N-sites, faster charge-discharge. improved cycle stability. 145
146
147
148
Lithium-ion Anode modifier or conductive ~ Improved electronic conductivity, better Li* inter- ~ Higher capacity retention, bet- 149
batteries additive. calation, suppression of SEI growth. ter rate performance. 150
151
152
Sodium-ion & Conductive matrix or coating Buffering volume changes, facilitated Na'/K" ion Increased cycle life, higher 153
potassium-ion material for anodes/cathodes.  diffusion, stable SEI formation. initial coulombic efficiency. 154
batteries
Metal-air batteries Cathode catalyst or electrolyte =~ Promotes O, reduction and evolution reactions; Reduced overpotential, 155
(zn-air, Li-air) additive active nitrogen sites improve reaction kinetics. enhanced power density. 156
157
Hybrid energy sto- Component in electrode Dual-energy storage mechanics: synergy between Balanced energy and power 158
rage systems architecture battery-like and capacitor-like behavior. density, extended life cycle. 159
160
Table 3 Quantitative performance enhancement of N-CD-based materials in energy storage devices
Electrode Key performance metric Key performance metric Improvement Primary role/mechanism
Device type material (control) (with N-CDs) (%) of N-CDs Ref.
Supercapacitor N-CD/graphene  Capacitance: ~350 F g~* Capacitance: ~580 F g~ " +65% Pseudocapacitance 161
hybrid (pyridinic-N), enhanced 162
conductivity (graphitic-N) 163
LIB N-CD modified  Capacity: ~800 mAh g='  Capacity: ~1100 mAh g~'  +37% Conductive network, SEI 149
anode stabilization 150
164
SIB N-CD composite Capacity retention (100 Capacity retention (100 +20% Enhanced Na' adsorption, 165
cycles): 70% cycles): 90% buffers volume change
Metal-air N-CD catalyst Discharge voltage: 1.25 V Discharge voltage: 1.38 V ~+10% (AV) ORR catalysis (pyridinic/ 166
graphitic-N) 167
Hybrid SC Ni(OH),/N-CDs  Capacitance: ~1200 F g~'  Capacitance: ~2100 Fg~'  +75% Structural directing agent, 168

extended cycling, thereby enhancing the first-cycle coulombic

efficiency and overall battery lifespan.'*®193:194

The synthesis pathway itself can be tailored for dual func-
who developed a

tionality, as demonstrated by Wang et al.,'*>

Pyrrolic-N/Pyridone-N
N

°Q90 0
e Z 0

N-doped graphene quantum dots

conductive mediator

sustainable approach for synthesizing both highly fluorescent

N-CDs and bulk carbon anode materials from a single precur-

Carbon paper

Graphitic-N

Oxidized-N

Pt electrode

electrochemical deposition

sor (egg yolk) via a dual-phase hydrothermal method. This work
underscores that the nitrogen doping responsible for the optical

Fig. 23 Schematic illustration of N-GQDs and their electrochemical deposition process for supercapacitor applications.*’# Copyright 2018, Royal

Society of Chemistry.
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Fig. 24 Schematic illustration of the green hydrothermal synthesis process for N-CDs and derived bulk carbon anode materials for LIB applications.*®®

Copyright 2018, Elsevier.

properties of the N-CDs also improves electrical conductivity and
creates additional active sites for Li* storage in the resulting bulk
carbon, which exhibited exceptional anode performance. This
highlights the promise of biomass-derived, N-CD-enhanced materi-
als for sustainable LIB development (Fig. 24).

In summary, the integration of N-CDs addresses several
fundamental limitations in LIBs. They act as more than simple
conductive agents; they are multifunctional modifiers that
enhance bulk conductivity, guide the formation of a superior
SEI layer, and provide additional active sites for lithium sto-
rage. This mechanistic synergy, evidenced by clear quantitative
improvements in capacity and stability, positions N-CDs as
transformative components for advancing next-generation,
high-performance lithium-ion battery technologies.

5.3 Sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs)

Sodium-ion (SIBs) and potassium-ion batteries (PIBs) have
emerged as promising, cost-effective alternatives to lithium-
ion systems for large-scale grid storage, owing to the natural
abundance of sodium and potassium. However, their develop-
ment is hampered by fundamental challenges arising from the
larger ionic radii of Na" and K', which lead to sluggish ion
diffusion kinetics and severe electrode structural instability
during cycling. The integration of nitrogen-doped carbon dots
(N-CDs) effectively addresses these challenges by enhancing
bulk conductivity, stabilizing electrode architectures, and facil-
itating rapid ion transport, thereby positioning N-CDs as key
enablers for these post-lithium technologies.'*®2%°

The efficacy of N-CDs in mitigating these issues is demon-
strated by clear, quantitative performance gains. As highlighted
in Table 3, the incorporation of N-CDs into carbon anodes for
SIBs can improve capacity retention after 100 cycles from 70%
to 90%, representing a significant 20% enhancement in cycling
stability. This level of improvement is characteristic, with
studies frequently reporting N-CD-modified SIB anodes achiev-
ing high reversible capacities exceeding 400 mAh g * while

8760 | Mater. Adv, 2025, 6, 8740-8773

maintaining exceptional rate capability and stability over 1000+
Cycles‘199,2017204

The multifunctionality of N-CDs extends beyond the electrode
itself. Lee et al.,>®> demonstrated their innovative use as electro-
lyte additives in sodium metal batteries. Their work revealed that
N-CDs modify the Na’ solvation structure, leading to more
uniform Na plating/stripping, a more stable solid electrolyte
interphase (SEI), and dramatically improved cycling stability
and coulombic efficiency (Fig. 25). This establishes N-CDs as a
novel class of electrolyte modifiers that tackle interfacial instabil-
ity, a fundamental challenge in metal anode systems.

Furthermore, N-CDs can be architecturally integrated to create
synergistic composites. This is exemplified by the work of Li
et al.,>®® who developed a PIB anode by anchoring FeSb nano-
particles within a 3D porous nitrogen-doped carbon matrix, with
N-CDs directly on the FeSb surfaces. In this hierarchical design,
the N-CDs performed three critical functions: creating conductive
electron pathways, providing additional active sites for K" storage,
and enabling pseudocapacitive charge storage. This synergy
resulted in a high reversible capacity of ~245 mAh g~ at a very
high current density of 3080 mA g~ after 1000 cycles, showcasing
exceptional rate capability and stability (Fig. 26).

The engineered surface chemistry of N-CDs plays a pivotal
role. Oxygen- and nitrogen-containing functional groups
enhance the electrode’s affinity for Na'/K' ions, improving
initial coulombic efficiency and adsorption kinetics. Simulta-
neously, the robust sp” carbon structure of N-CDs acts as a
conductive buffer, mitigating the substantial volume changes
of alloying or conversion-type anodes (e.g., FeSb) during
repeated ion insertion/extraction, thus preventing mechanical
pulverization and ensuring long-term durability."®®

In conclusion, N-CDs serve as versatile components that
directly address the core limitations of SIBs and PIBs. Their
unique properties, tunable surface chemistry for enhanced ion
affinity, a robust structure for mechanical buffering, and high
conductivity for efficient charge transport work in concert to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Mechanism of N-CDs in regulating Na* deposition/stripping behavior and stabilizing the SEI in SIBs.2°> Copyright 2025, Elsevier.

improve cycling stability, capacity, and rate performance. The
advanced applications as both electrode modifiers and electro-
lyte additives underscore their transformative potential in
guiding the development of practical and durable next-
generation alkali-ion battery systems.

5.4 Metal-air batteries (Zn-air, Li-air)

Metal-air batteries, particularly lithium-air (Li-air) and zinc-
air (Zn-air) systems, are leading candidates for next-generation
energy storage due to their exceptional theoretical energy
densities.>”’ 2% However, their practical application is hin-
dered by the sluggish kinetics of the oxygen reduction (ORR)
and evolution (OER) reactions at the cathode. Nitrogen-doped
carbon dots (N-CDs) have emerged as highly efficient, metal-
free electrocatalysts that directly address this bottleneck, offer-
ing a compelling alternative to expensive and scarce noble-
metal catalysts like Pt and RuQ,.>'*>*?

The catalytic prowess of N-CDs translates into direct and
quantifiable performance gains. As systematically compared in
Table 3, a cathode based on N-CDs can increase the discharge
voltage of a Zn-air battery from 1.25 V to 1.38 V,'**'%” a
significant reduction in overpotential that directly boosts the

system’s efficiency and energy output. This level of
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Fig. 26 Long-term cycling stability and structural integrity of the N-CQD-
enhanced FeSb composite anode in PIBs.2%® Copyright 2022, Springer.
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improvement is a hallmark of N-CD integration, with studies
consistently reporting enhanced power density and extended
cycle life compared to unmodified carbon-based
cathodes.”">>"

This superior electrocatalytic performance, observable across
various system configurations (aqueous, aprotic, hybrid, and
solid-state), is rooted in the unique physicochemical properties
of N-CDs. The catalytic activity is primarily driven by specific
nitrogen configurations. Pyridinic-N sites, with their lone-pair
electrons, optimize the adsorption of oxygen intermediates,
while graphitic-N species enhance the electron transfer capabil-
ity of the carbon matrix. This synergistic action significantly
accelerates ORR/OER kinetics. Furthermore, the inherently high
surface area, tunable porosity, and abundant edge sites of N-CDs
create an ideal architecture that maximizes the exposure of
active sites and facilitates efficient mass transport of both oxygen
and electrolyte, thereby improving overall catalytic efficiency and
durability.213’215_217

A seminal study by Lin et a powerfully demonstrates
the transformative role of N-CDs in complex architectures.
They developed a breakthrough lithium-oxygen battery cathode
by constructing a hierarchical FePc/N-CD/Co3;0, hybrid. In this
design, the N-CDs served dual critical functions: acting as con-
ductive bridges between catalytic phases and serving as catalyti-
cally active centers themselves. Their ultrasmall size (<5 nm)
enabled atomic-level dispersion, which, combined with their
ability to stabilize the Fe-N coordination environment, led to
exceptional bifunctional activity. The resulting composite
achieved a remarkable specific capacity of 28619 mAh g~ ' at
200 mA ¢~ ' and maintained stable operation for over 350 cycles, a
substantial advancement attributable to N-CD-mediated enhance-
ments in both electronic conductivity and catalytic durability
(Fig. 27).

In summary, N-CDs have proven to be indispensable com-
ponents for advancing metal-air battery technology. They func-
tion as multifunctional electrocatalysts whose activity is
precisely tuned by their nitrogen configuration. By providing
efficient, stable, and cost-effective catalytic sites, facilitating
charge transfer, and enhancing mass transport, N-CDs directly

218
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Fig. 27 Schematic illustration and electrochemical performance of FePc/N-CDs@Cos0,4 cathode for lithium—oxygen batteries.?*® Copyright 2022,
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address the key limitations that have hindered the commercia-
lization of these high-energy-density systems, positioning them
as a cornerstone material for future development.

5.5 Hybrid energy storage systems

Hybrid energy storage systems are engineered to bridge the
performance gap between the high energy density of batteries
and the high power density of supercapacitors, meeting the
growing demand for versatile power solutions in applications
ranging from electric vehicles to grid storage and flexible
electronics.?*?'*?*° Nitrogen-doped carbon dots (N-CDs) are
uniquely suited for these systems due to their intrinsic ability to
contribute to both capacitive (electric double-layer) and fara-
daic (pseudocapacitive/battery-like) charge storage mechan-
isms. This dual functionality, enabled by their high surface
area, nitrogen redox-active sites, and conductive sp> carbon
networks, allows N-CDs to enhance charge storage capacity,
improve cycling stability, and accelerate ion transport, effec-
tively balancing energy and power characteristics in a single
device.”*"?**?

The impact of N-CD integration is profound and quantifi-
able. As a prime example highlighted in Table 3, the incorpora-
tion of N-CDs into a nickel hydroxide (Ni(OH),) electrode
resulted in a dramatic 75% increase in specific capacitance,
from a baseline of ~1200 F g~*
~2100 F g '.'°® This substantial improvement underscores
the ability of N-CDs to unlock synergistic performance in
hybrid architectures.?*"***

The mechanisms behind this synergy are multifaceted and
operate at the micro- and mesoscopic scales. In such compo-
sites, N-CDs perform several critical roles simultaneously. They
act as conductive mediators, creating electron superhighways
that drastically improve charge transfer within the often less-
conductive battery-type material (e.g;, Ni(OH),).>** Concur-
rently, their own nitrogen functional groups (particularly

to an enhanced value of

pyridinic-N) contribute significant pseudocapacitance through
reversible redox reactions. Furthermore, as demonstrated by
Yuksel et al.>*® N-CDs can serve as structural directors that
control the nucleation and growth of active materials. In their
work on a Ni(OH),/N-CD composite, the N-CDs promoted the
formation of ultrathin, well-dispersed Ni(OH), nanosheets,
preventing aggregation and yielding a more uniform, highly
porous architecture that maximizes the exposed electroactive

8762 | Mater. Adv, 2025, 6, 8740-8773

surface area and facilitates enhanced ion diffusion (Fig. 28).
This structural control, combined with improved conductivity
and additional pseudocapacitance, results in electrodes that
achieve an exceptional combination of high energy density,
excellent rate capability, and long-term cycling stability.

In conclusion, N-CDs are far more than simple additives in
hybrid systems; they are multifunctional integrators that fun-
damentally enhance electrode architecture and kinetics. By
providing conductive pathways, intrinsic charge storage, and
nanoscale structural control, they effectively unify the high-
energy and high-power attributes of different charge storage
mechanisms. This ability to engineer synergistic composites
positions N-CDs as a cornerstone material for the development
of next-generation hybrid energy storage devices capable of
meeting the complex demands of modern technology.

6 Recent advances in N-CDs/polymer
and N-CDs/metal nanocomposites for
energy storage

Polymers and nanocomposites play a pivotal role in advancing
the performance and versatility of modern energy storage
devices. Conductive polymers such as polyaniline (PANI), poly-
pyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT)
are widely studied due to their intrinsic electrical conductivity,
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Fig. 28 Electrochemical performance of Ni(OH),/N-CDs composite
electrodes in hybrid supercapacitor applications.?2° Copyright 2019.
Elsevier.
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mechanical flexibility, and pseudocapacitive behavior.?*®~>*®
Their rapid redox reactions make them particularly suitable
for high-rate charge-discharge applications in supercapacitors
and batteries. When combined with materials like metal oxides
(e.g., ZnO), carbon nanotubes, graphene, or metal-organic
frameworks (MOFs), these polymers form nanocomposites with
enhanced electrochemical properties.”****°

Recently, incorporating N-CDs into polymeric and metallic
nanocomposites has emerged as a promising strategy for
improving the performance of supercapacitors, batteries, and
hybrid energy systems.>*'>** This section highlights recent
advances in N-CD-based nanocomposites, focusing on their
role in energy storage, electrode enhancement, and solid-state
electrolytes for next-generation batteries.

6.1 N-CDs/conductive polymer hybrids for flexible energy storage

The growing demand for flexible and wearable energy storage
devices has driven extensive research into conductive polymers,
including polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene) (PEDOT). These polymers are particu-
larly attractive due to their intrinsic conductivity, mechanical
flexibility, and reversible redox activity, making them ideal for
supercapacitors and batteries. Recent studies demonstrate that
incorporating nitrogen-doped carbon dots (N-CDs) into these
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polymers significantly enhances their electrochemical perfor-
mance, yielding higher specific capacitance, improved cycling
stability, and superior mechanical durability.>3*"23¢

The synergy between N-CDs and conductive polymers
enhances charge storage through multiple mechanisms. N-
CDs introduce additional redox-active sites, boosting faradaic
activity, while their high electrical conductivity facilitates effi-
cient electron transport. Moreover, the functional groups on N-
CDs strengthen polymer-electrolyte interactions, optimizing
ion diffusion. Specific nitrogen configurations, such as
pyridinic-N and pyrrolic-N, enhance pseudocapacitive behavior,
whereas graphitic-N improves electronic conductivity. These
functional groups also promote uniform polymer dispersion
and reinforce the composite’s structural integrity.?3”~24*

Xie et al.,*** developed morphology-tunable nitrogen-doped
carbon dots/polyaniline (N-CDs@PANI) hybrids to systemati-
cally evaluate their electrochemical performance for superca-
pacitor applications. Their work revealed that N-CDs
integration significantly enhances PANI’s conductivity, surface
area, and pseudocapacitive properties. Crucially, the study
established a morphology-performance relationship, demon-
strating that optimized hybrid nanostructures exhibit superior
capacitance, making them promising candidates for high-
performance flexible supercapacitor electrodes (Fig. 29).

®: 0

Fig. 29 Schematic illustration of the in situ oxidative polymerization process for N-CDs@PANI hybrid fabrication.2** Copyright 2014, Wiley.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, the integration of N-CDs into conductive
polymers creates a synergistic relationship that addresses the
typical limitations of both materials. The literature shows that
N-CDs mitigate the cycling instability of polymers by providing
a robust conductive scaffold, while the polymers offer a high-
capacity matrix that leverages the surface functionality of the
dots. This strategy is particularly effective for developing high-
performance, flexible energy storage devices.

6.2 N-CDs/metal oxide and sulfide nanocomposites for
enhanced electrochemical performance

Metal oxides and sulfides have emerged as prime candidates for
energy storage electrodes due to their high theoretical capacity
and rich redox activity. However, their practical implementation
faces fundamental challenges, including poor electrical conduc-
tivity, sluggish ion diffusion kinetics, and structural instability
during repeated charge-discharge cycles. Recent advances have
demonstrated that N-CDs serve as multifunctional modifiers that
effectively overcome these limitations. The incorporation of N-
CDs into metal oxide/sulfide matrices significantly enhances
charge transfer kinetics while simultaneously improving cycling
stability through structural reinforcement.”**>*

Substantial improvements in electrochemical performance
have been achieved through the integration of N-CDs with
metal oxides like ZnO, TiO,, MnO,, and Fe,0;. The synergistic
interaction between N-CDs and metal oxides manifests in three
primary ways: enhanced electron transport through conductive
pathways created by N-CDs, suppressed charge recombination
due to interfacial charge trapping at N-CD sites, and increased
electroactive surface area resulting from nanostructural mod-
ulation. These combined effects lead to substantial improve-
ments in specific capacitance and energy density compared to
unmodified metal oxide electrodes.”**>>>

Li et al.*®® developed photoresponsive supercapacitor elec-
trodes by decorating zinc oxide (ZnO) with N-CDs. The N-CDs
modification substantially enhanced the electrochemical per-
formance of ZnO electrodes, demonstrating a remarkable 58.9%
improvement in areal capacitance under UV illumination com-
pared to dark conditions. The optimized ZnO/N-CDs composite
achieved a maximum areal capacitance of 2.6 mF cm ™2 at 1.6 HA
cm™? current density following photocharging and galvanostatic
discharge cycles (Fig. 30), highlighting its potential for light-
assisted energy storage applications.

Similarly, layered transition metal sulfides, particularly
MoS,, NiS, and SnS,, have garnered considerable research
interest owing to their unique structural characteristics and
intrinsic electrocatalytic properties. Despite these advantages,
their widespread deployment in energy storage systems has
been constrained by two fundamental limitations: insufficient
electrical conductivity and progressive structural degradation
during repeated charge-discharge cycles. Recent advances have
demonstrated that N-CDs serve as multifunctional additives
that effectively address these challenges through simultaneous
enhancement of charge transport properties, structural stabili-
zation, and improved electrolyte accessibility.>*®>>*
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Fig. 30 Electrochemical performance characterization of the ZnO/N-CD
composite supercapacitor electrode.?>®> Copyright 2023, American
Chemical Society.

Notable progress has been achieved through several inno-
vative material designs. Cui et al>*® developed a high-
performance hybrid supercapacitor system based on cobalt
sulfide/reduced graphene oxide composites modified with N-
CDs. The incorporation of N-CDs enhanced the electrical con-
ductivity, surface area, and electrochemical activity of the
composite material. The resulting CoS/N-doped CDs/rGO/N-
doped CDs electrode exhibited excellent specific capacitance,
superior energy density, and outstanding cycling stability
(Fig. 31).

In a complementary approach focusing on sustainable
materials, Yu et al.>*® developed a high-performance anode
material for hybrid supercapacitors by anchoring lignin-derived
nitrogen-doped carbon dots (N-CDs) onto a NiCo,S,/graphene
hydrogel composite. The integration of sustainable N-CDs
significantly improved electron conductivity, surface area, and
redox activity, enabling the hybrid electrode to exhibit high
specific capacity, excellent rate capability, and long cycling
stability (Fig. 32).

100
CoS/N-doped CDs//rGO/N-doped CDs

=

Energy density (Wh Kg")
s

1000 ~10000
Power density (W Kg)

Fig. 31 Schematic illustration of the CoS/N-CDs/rGO hybrid supercapa-
citor electrode showing synergistic enhancement mechanisms.?>®> Copy-
right 2020, Elsevier.
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The superior electrochemical performance of N-CD/metal
oxide and sulfide composites can be attributed to three key
factors: (1) the high electrical conductivity imparted by N-CDs,
(2) reduced charge transfer resistance at the electrode-electro-
lyte interface, and (3) the prevention of particle aggregation and
structural collapse. Furthermore, the porous architecture of N-
CDs promotes rapid ion diffusion and provides additional
active sites for charge storage, further boosting the overall
performance of these nanocomposites.>>”>>°

6.3 The impact of N-CDs in solid-state electrolytes for
next-generation batteries

Solid-state batteries (SSBs) have emerged as a transformative
energy storage technology, offering superior safety and energy
density compared to conventional liquid electrolyte systems.
Their non-flammable nature and enhanced thermal stability
address critical safety concerns, yet significant challenges
persist in achieving commercially viable performance. Two
fundamental limitations, suboptimal ionic conductivity and
unstable electrode-electrolyte interfaces, have remained key
barriers to widespread adoption. Recent breakthroughs demon-
strate that nitrogen-doped carbon dots (N-CDs) serve as multi-
functional additives capable of addressing these challenges
through unique physicochemical mechanisms.*®*>*

The exceptional performance enhancement provided by N-
CDs stems from their distinctive structural and chemical
properties. Surface characterization studies reveal that the
abundant oxygen- and nitrogen-containing functional groups
on N-CDs (including carboxyl, hydroxyl, and various nitrogen
configurations) create favorable binding sites for lithium ions.
This interaction significantly improves ionic conductivity, with
experimental measurements showing increases of 2-3 orders of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Fabrication schematic of the NiCo,54/N-CDs/RGO ternary hydrogel composite.?>® Copyright 2017, MDPI.

magnitude in N-CD-modified polymer electrolytes compared to
unmodified counterparts. Moreover, the nanoscale dimensions
of N-CDs (typically 2-10 nm) enable the formation of contin-
uous ion transport networks that simultaneously reduce inter-
facial impedance while enhancing overall cell stability.>**

A particularly critical challenge in solid-state battery develop-
ment involves establishing and maintaining stable interfaces
between the electrolyte and electrodes. N-CDs address this chal-
lenge through several mechanisms. Their incorporation into
solid-state electrolytes improves interfacial contact by reducing
surface roughness and optimizing ion diffusion kinetics. Addi-
tionally, N-CD-enhanced polymer electrolytes demonstrate super-
ior mechanical strength and flexibility compared to conventional
materials, properties that are crucial for preventing electrolyte
degradation during repeated charge-discharge cycles.>**>%*

Li et al.”® fabricated an all-solid-state flexible supercapacitor
by integrating nitrogen- and oxygen-co-doped graphene quan-
tum dots (N/O-GQDs), a specific form of nitrogen-doped carbon
dots (N-CDs), onto a 3D carbon nanotube/carbon cloth (CNT/CC)
framework. The N-CDs played a critical role in enhancing the
device’s electrochemical performance by providing abundant
nitrogen-related active sites that facilitate faradaic redox reac-
tions, thus contributing significantly to pseudocapacitance.
Additionally, the quantum confinement and heteroatom doping
endowed the N-CDs with high electrical conductivity and
improved charge carrier density, which accelerated electron
transfer kinetics at the electrode interface (Fig. 33).

7 Challenges and future perspectives

Although N-CDs have shown significant promise in energy
storage applications, several challenges must be overcome

Mater. Adv., 2025, 6, 8740-8773 | 8765
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Fig. 33 Schematic illustration for the preparation of 3D N-O-GQD/CNT/CC electrodes. (a) Pristine carbon cloth (CC) substrate. (b) CNTs grown on CC
via CVD to form CNT/CC composite. (c) N-O-GQDs electrodeposited on CNT/CC to yield the final 3D N-O-GQD/CNT/CC electrode. Bottom panels
show corresponding SEM images at different magnifications.?%®> Copyright 2017, Elsevier.

before they can reach their full potential. Issues such as
scalability, stability, electrochemical performance, and com-
mercial viability remain barriers to widespread adoption.
Addressing these challenges will require innovative synthesis
methods, performance enhancements, and better integration
into next-generation energy storage systems. This section dis-
cusses the key challenges facing N-CDs in energy storage and
explores future research directions and emerging trends that
could enable their practical implementation.

7.1 Scalability and cost-effective production of N-CDs

A major obstacle to the widespread adoption of N-CDs in energy
storage is the scalability of their synthesis. While high-
performance materials have been achieved at the laboratory
scale, transitioning these methods to industrial-scale produc-
tion remains challenging.>*>

Current synthesis techniques, such as hydrothermal,
microwave-assisted, and electrochemical methods, require precise
control over reaction conditions, precursor selection, and purifi-
cation steps. Maintaining consistent particle size, nitrogen con-
tent, and functional groups becomes increasingly difficult at
larger scales. For instance, hydrothermal synthesis operates under
high temperatures, complicating large-scale production.>®

Additionally, the reliance on expensive precursors and
energy-intensive processes raises economic concerns. Transi-
tioning to biomass-derived or waste-based carbon sources
could offer a more sustainable and cost-effective approach.
Furthermore, adopting green synthesis techniques, minimizing
hazardous chemicals, and reducing energy consumption will be
critical for industrial scalability.>®”

7.2 Techno-economic analysis and application outlook

The commercial translation of N-CDs depends critically on
their techno-economic viability, which is governed by precursor
costs, energy consumption, and purification processes.

8766 | Mater. Adv,, 2025, 6, 8740-8773

Synthesis routes utilizing waste biomass, such as prickly pear
or palm kernel shells, present a compelling economic advan-
tage by minimizing precursor expenses and supporting a
circular economy.>® In contrast, methods relying on refined
chemical precursors or energy-intensive techniques like
chemical vapor deposition face significant economic hurdles
for large-scale implementation, where cost-per-kilogram is a
decisive factor, despite their ability to yield high-performance
materials.>?

The application landscape for N-CDs can be stratified by
performance-to-cost ratio. Short-term opportunities reside in high-
value, performance-critical domains where their functional benefits
justify a premium. This includes their use as conductive additives
in next-generation lithium-ion batteries for premium electric vehi-
cles and as non-precious metal electrocatalysts in metal-air
batteries."” For long-term, large-scale impact, the focus must shift
to overcoming scalability challenges to achieve cost parity with
conventional carbons. The most promising mass markets are
stationary grid storage, where the exceptional cycling stability of
N-CD-enhanced supercapacitors and sodium/potassium-ion bat-
teries can reduce the levelized cost of storage, and low-cost, flexible
electronics, leveraging the solution processability of N-CDs for
printed and wearable devices. Realizing this potential will require
concerted efforts in continuous flow synthesis, reactor design, and
comprehensive life-cycle assessments, supported by strategic
academia-industry partnerships to pilot and validate these
technologies."*

7.3 Stability and long-term performance in energy storage
devices

For N-CDs to be viable in energy storage applications, long-term
stability and durability across numerous charge/discharge
cycles are critical. However, several factors can degrade their
performance over time.”®’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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N-CDs are susceptible to surface oxidation, agglomeration,
and functional group loss during prolonged cycling, which can
reduce charge storage capacity and energy efficiency. To mitigate
these issues, strategies such as surface passivation or protective
functionalization could be explored. For example, coating N-CDs
with conductive polymers or carbon shells may improve their
stability under harsh electrochemical conditions.****>®

Additionally, the interaction between N-CDs and electro-
lytes, particularly under extreme conditions (e.g., high voltage,
elevated temperatures), can significantly impact electrochemical
performance. Further research is needed to evaluate N-CD/
electrolyte compatibility, along with the development of hybrid
electrolytes tailored for N-CD-based systems. For instance, ionic
liquid-based electrolytes could enhance N-CD stability in high-
voltage applications.”®®

7.4 Strategies for enhancing electrochemical performance
and cyclability

The nitrogen doping level and types of nitrogen-containing func-
tional groups critically influence charge storage behavior. By
precisely controlling these factors during synthesis, conductivity,
redox activity, and ion diffusion can be significantly enhanced.
For example, optimizing the pyridinic-N to graphitic-N ratio can
improve both pseudocapacitive and conductive properties.?*®

Integrating N-CDs with advanced nanostructures, such as
core-shell designs or porous networks, could further enhance
charge transfer kinetics and electrochemically active surface
area. Promising results have already been demonstrated in
N-CD-based composites with materials like metal oxides, sul-
fides, or conductive polymers, warranting further exploration.
For instance, N-CD/MoS, composites have shown improved
lithium-ion storage capacity and cycling stability.>*’

A major challenge in energy storage is balancing high energy
density (crucial for batteries) with high power density (essential
for supercapacitors). Hybrid systems combining N-CD-based
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electrodes with complementary materials could resolve this
trade-off. For example, N-CD/graphene hybrids exhibit both
high energy and power densities, making them ideal for hybrid
supercapacitor-battery applications.>**

7.5 Potential for integration into commercial energy storage
systems

For widespread adoption, N-CDs must be compatible with
established electrode fabrication methods such as slurry coating
and inkjet printing. Alternative approaches like binder-free
electrode designs and direct deposition techniques could facil-
itate scalable production. Advanced manufacturing methods,
including electrospinning and 3D printing, may enable precise
fabrication of N-CD-based electrodes with controlled morphol-
ogy and architecture.””®

Beyond conventional batteries and supercapacitors, N-CDs
show significant promise for next-generation energy storage
applications, including metal-air batteries, flexible/wearable
devices, and solid-state batteries. Their lightweight nature,
tunable surface chemistry, and high electroactivity make them
particularly suitable for these emerging technologies. For
instance, N-CD-modified solid-state electrolytes have demon-
strated improved ionic conductivity and interfacial stability in
all-solid-state battery configurations.>”°

The commercialization of N-CD-based technologies requires
careful consideration of environmental impacts throughout
their lifecycle. Comprehensive life cycle assessments (LCAs)
will be essential to evaluate the sustainability of large-scale
production and disposal processes. Concurrently, developing
greener synthesis methods and ensuring regulatory compliance
will be critical for successful market adoption.*”*

7.6 Future directions in research and emerging trends

7.6.1 Machine learning and Al-driven material discovery.
The integration of artificial intelligence (AI) and machine

Machine Learning

Al-Driven Material Discovery

Hybrid & Dual-Function Energy
Storage Systems

i\ iy Multi-Functional Energy Storage
\ Materials

Sustainability

Green Chemistry Approaches

Fig. 34 Research roadmap for optimizing N-CD performance in energy storage applications, highlighting key focus areas: (1) advanced synthesis
methods, (2) mechanistic understanding, (3) hybrid material integration, and (4) real-world device testing.
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learning in materials science could revolutionize the discovery of
optimal N-CD configurations. These computational approaches
may enable predictive modeling of doping strategies, surface
modifications, and composite architectures. For example, com-
bining high-throughput screening with Al algorithms (Fig. 34)
could accelerate the development of N-CDs with precisely tai-
lored electrochemical properties.

7.6.2 Multi-functional energy storage materials. Future
research should explore N-CD materials that combine energy
storage with additional functionalities such as self-healing,
photocatalytic activity, or sensing capabilities. These advanced
materials could enable next-generation smart energy devices —
for instance, self-repairing N-CD electrodes that automatically
restore their electrochemical performance after physical
damage, thereby significantly extending device lifetimes.

7.6.3 Hybrid energy storage architectures. N-CDs show
particular promise for innovative hybrid energy storage sys-
tems, including supercapacitor-battery combinations and dual-
ion battery configurations. Their unique properties could help
overcome current performance limitations, for example, N-CD-
enhanced dual-ion batteries capable of simultaneous cation
and anion storage may achieve substantially higher energy
densities than conventional systems.

7.6.4 Sustainable development pathways. Adopting green
chemistry principles in N-CD research is crucial for sustainable
energy storage solutions. This includes utilizing biomass-
derived precursors, optimizing synthetic processes for minimal
environmental impact, and developing biodegradable compo-
nents. Bio-sourced N-CDs represent a particularly promising
direction, offering both ecological and economic advantages
over conventional materials.

8 Conclusion

This review has provided a comprehensive analysis of nitrogen-
doped carbon dots (N-CDs) for electrochemical energy storage,
establishing a critical link between synthesis parameters, nitro-
gen configurations, and electrochemical performance across
supercapacitors, metal-ion batteries, and metal-air systems.
A key distinction of this work is its integration of a first-of-its-
kind techno-economic and application roadmap with funda-
mental material science, offering a practical guide for the
rational design of next-generation N-CD-based materials.

Despite the significant progress documented herein, the
path to commercialization requires overcoming persistent
challenges in scalable, low-cost production, long-term cycling
stability, and seamless integration into full-cell devices. Future
research must prioritize the precise control of nitrogen doping
configurations to fine-tune charge storage mechanisms, the
design of robust composite architectures to mitigate degrada-
tion, and the development of sustainable synthesis routes from
biomass precursors.

Looking ahead, the convergence of Al-guided material dis-
covery, advanced computational modeling, and green chemistry
principles presents a transformative opportunity to accelerate
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the development of N-CDs. With sustained and focused innova-
tion, N-CDs are poised to bridge the critical gap between funda-
mental nanomaterial research and industrial-scale applications,
ultimately enabling a new class of high-performance, sustain-
able, and commercially viable electrochemical energy storage
technologies.
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