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Biomass-derived carbon dots (BCDs) have attracted considerable attention for their promising attributes,
including low toxicity, excellent solubility, biocompatibility, and eco-friendliness. Their rich surface
chemistry and impressive photoluminescent properties have sparked widespread research interest,
particularly in areas such as sensing and biomedicine. However, the potential applications of BCDs in the
energy sector, especially in electrochemical energy storage batteries, have received scant review focus.
This article systematically consolidates the selection of carbon sources, synthesis methods, modification
strategies, and the corresponding characterization techniques for BCDs. Application strategies in energy

storage batteries are explored, with the underlying connection between the role of BCDs in batteries and
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1. Introduction

Carbon dots (CDs) are a new type of zero-dimensional materials
with a size of 2-10 nm." Since they were discovered by Xu et al.,
they have received an increasing amount of attention due to
their significant advantages in terms of low toxicity, favorable
biocompatibility, chemical stability, outstanding water
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solubility, abundant surface functionalities, facile modification,
and unique optical properties.>* They typically consist of
a carbon-based core with sp*/sp® domains and various chemical
functional groups on the surface (Fig. 1a-c). Based on different
core structures, photoluminescence behaviors, and carbon
precursors,® they can be classified into four types (Fig. 1b):
graphene quantum dots (GQDs),carbonized polymer dots
(CPDs), carbon nanodots (CNDs), and carbon quantum dots
(CQDs). However, due to the need for further study on the
structure and formation mechanism of carbon dots, strict
classification is challenging,® and there are many differing views
within the academic community. Valcarcel et al.*® proposed that
small fragments of a single atomic layer of graphite (<20 nm) be
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termed GQDs, while spherical carbon dots exhibiting quantum
confinement and crystalline structures are denoted as CQDs.
Additionally, amorphous quasi-spherical nanoparticles lacking
quantum confinement are classified as CNDs. Wareing et al.*
categorized carbon dots into two types (graphene quantum dots
(GQDs) and amorphous CDs), and pointed out that the
distinction between the two types of quantum dots remains
unclear, but both should be classified as part of the CD (carbon
dot) family. For the sake of precision and accuracy, in this
review, we adopt the term “carbon dots (CDs)” to collectively
refer to zero-dimensional fluorescent carbon nanomaterials,
without delineating their definitions. However, it's noteworthy
that discrepancies in factors such as carbon source selection
and synthesis methods can yield varying CD structures, subse-
quently impacting their properties, including photo-
luminescent characteristics and surface chemistry, among
others.

Several effective methods for synthesizing carbon dots are
available, including both top-down and bottom-up approaches
(Fig. 1d). Top-down methods involve breaking down large
carbon sources such as graphite,'” graphene,"”® CNTs,"* and
fullerene™ into nanoparticles through techniques such as laser
ablation," electrochemical methods,"” ball-milling,” arc
discharge," and chemical oxidation.* The bottom-up approach
refers to synthesizing carbon dots through a “polymerization—-
carbonization” process,* wherein small molecule precursors are
transformed using methods such as hydrothermal carboniza-
tion (HTC), solvothermal, microwave hydrothermal, pyrolysis
carbonization, and more. However, the majority of carbon dot
synthesis relies on carbon sources derived from expensive,
unsustainable, or even toxic chemical reagents.”® These include
graphene, carbon nanotubes, petroleum by-products, polycyclic
aromatic hydrocarbons,”** aniline, polyphenols,*® and more.
Furthermore, their processing often involves the use of strong
acids or bases and demanding conditions with high energy
consumption.> These factors impede the widespread adoption
and production of carbon dot materials, prompting the search
for low-cost, sustainable, and environmentally friendly carbon
sources and processes. Biomass, with its widespread avail-
ability, low cost, high carbon content, green safety profile, and

Yu Xiong received his PhD
degree from Central South
University, and he has spent two
years at Tsinghua University as
a Postdoctoral Researcher under
the supervision of Prof. Yadong
Li. He is currently working as an
Associate Professor at Central
South University. His research
interests focus on the synthesis
and the electrocatalytic perfor-
mance of single-atom catalysts.

Yu Xiong

4938 | Chem. Sci., 2025, 16, 4937-4970

View Article Online

Review

ease of conversion into carbon dots, emerges as an ideal carbon
source. Carbon dots derived from biomass typically exhibit
outstanding fluorescence properties and biocompatibility.>*?>¢
Consequently, current research predominantly concentrates on
their applications in sensors, optical materials, biomedical
imaging, and pharmaceuticals (Table 1). In fact, BCDs have
demonstrated significant potential in the fields of energy
storage and conversion, owing to their tunable carbon cores and
abundant surface functional groups.***” These carbon dots,
particularly in fields such as electrocatalysis, rechargeable
batteries, and fuel cells, not only offer a green and cost-effective
approach to material design, but also play a crucial role in the
construction of active sites and the regulation of surface and
interface properties.®® This review aims to explore recent
advancements in the synthesis and application strategies of
BCDs, with a specific focus on their applications in rechargeable
batteries, thereby providing new insights and directions for
future research and development in this field (Fig. 2).

2. Synthesis
2.1 Biomass carbon sources

The distribution and range of biomass carbon sources are
incredibly vast, encompassing all living organisms-plants,
animals, and microorganisms-that produce renewable prod-
ucts through biological metabolic processes like photosynthesis
and respiration.’>*** From the perspective of raw materials, they
can be categorized into two groups: complex organisms such as
ginkgo leaves,” grass,” grapefruit peel,** branches,” wood
shavings,* lemon juice,* milk,* eggshell membranes,*” wool,**
and cow dung,* among others, and relatively simple biomass
components, including macromolecules and small molecules®
like glucose,” citric acid,” natural amino acids,*® starch,*
cellulose,” chitin,* and natural proteins.*® It's noteworthy that
utilizing organisms directly as raw materials is typically cost-
effective, with preprocessing procedures remaining relatively
simple, often involving basic cleaning, drying, or shredding
(Fig. 3). During processing, the sugars, vitamins, and pectin
abundant in plants, or the proteins and trace elements found in
animal derivatives, can undergo polymerization and carbon-
ization at high temperatures (Fig. 3b and c), forming a carbon

Dr Hou is a Professor at the
College of Chemistry and
Chemical Engineering, Central
South University. He received
his PhD from Central South
University in 2016. His current
research interests are new
carbon dot-based materials and
electrochemical energy storage
materials.

Hongshuai Hou

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08659g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 February 2025. Downloaded on 1/21/2026 5:27:21 AM.

(cc)

Review

Carbon Core @C eNe®O H

C

surface passivation layer

/OH /COOH )\JH:

A /(a\NH:
XNN()H

H

Top-down methods

-
&
R ‘m

Graphite

Botton-up methods

xfx‘rr rﬁ. nz}f by

,7,{‘ AL *$%. Polymerization “$
7 -4 3

Small-molecules

¥ Hummer's _«. W Oxidize _ 592
LN :'__ v < |}.
4 Cutting

Graphene oxide (GO)

<,

Polyphenylene

View Article Online

Chemical Science

e

GQDs

CPDs

Carbon core

sssssssnnsnnnn,
.

>’.
H
.

.

sp?
graphene "7

sp? & sp?
graphite

crosslinked 3 4
polymers -

Pl

5 50
3 . A
W Pag, ce- o,
225 S, gy
e Y3 R o 8 gty
e - .
GO nanosheets GQDS
s 35
Dchydrogenation 4#«% 22%e
=
GQDs

Fig.1 Overview of the structure and synthesis of carbon dots: (a) schematic illustration of a kind of CD. Reproduced with permission.® Copyright
2023, American Chemical Society; (b) classification of the four carbon dots based on different core structures. Reproduced with permission.®
Copyright 2024, Elsevier; (c) schematic of the structures of CDs. Reproduced with permission.” Copyright 2021, Elsevier; (d) schematic diagram
of the top-down and bottom-up methods for synthesizing GQDs. Reproduced with permission.® Copyright 2012, Royal Society of Chemistry.

skeleton that leads to the creation of fluorescent CDs.* Addi-
tionally, heteroatoms such as nitrogen, phosphorus, and sulfur
inherent in the organisms themselves can be naturally doped
into CDs, imparting various abundant functional groups onto
the CD surfaces, thereby enhancing their fluorescence efficiency
and surface properties. However, the composition of natural
organisms is intricate, and variations between organisms can
introduce instability into product structure regulation. For
instance, Karahan et al.*® proposed in their experiment utilizing
watermelon seeds for the preparation of carbon dots that
understanding the composition of biomass substrates is
essential for gaining deeper insights into the formation

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

mechanism of carbon dots. Watermelon seeds, comprising 30%
lignin, 39.17% cellulose, and around 20% hemicellulose, yiel-
ded two distinctly different carbon materials in this study,
which were respectively applied in lithium-ion batteries and
cellular imaging fields. This underscores the intricate nature of
organisms’ carbon sources and the variability in their resultant
products. Another example stems from the research conducted
by Reisner et al.,* which vividly depicts the compositional
disparities among various parts of the same organism (a-
cellulose, xylan, and lignin) (Fig. 3a). Using pure reagents
derived from different biological derivatives (a-cellulose, citric
acid (CA), and aspartic acid) for identical heat treatments

Chem. Sci., 2025, 16, 4937-4970 | 4939
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Table 1 The main content of the recent reviews on BCDs
Title Time Emphasis Application Ref.
Biomass-based carbon dots: 2021 Comparison of semiconductor quantum  Sensors, bioimaging, drug carriers, and 11
current development and future dots, chemical carbon dots, and biomass electrical applications
perspectives derived carbon dots. Synthesis process of

biomass derived carbon dots, and

biomedical applications
Biomass-derived carbon dots and 2019 Selection of the biomass carbon source,  Sensing, drug delivery, bioimaging, solar 27
their applications hydrothermal synthesis, optical cells, and catalysis

properties of BCDs, and applications in

sensing and biomedical imaging
Lignocellulosic biomass-based 2023 The process of using wood cellulose as Sensors, information encryption, optical 28
carbon dots: synthesis processes, a carbon source, the formation functional films, catalysis, optronics,
properties, and applications mechanism, structural characteristics, photothermal conversion,

optical features, materials related to supercapacitors, and bioimaging

optical characteristics, and

manufacturing of intelligent responsive

materials
Functional carbon dots derived 2023 CDs derived from biomass and plastic Optical applications, supercapacitors, 29
from biomass and plastic wastes waste, their preparation, structure, chemical detection application, and

properties, and applications. The biological applications

application of materials compounded

with polymers
State-of-the-art of biomass-derived 2024 The optical properties, low-cost Optical imaging, sensors, and 30
carbon dots: preparation, preparation, and application advantages  phototherapy
properties, and applications of biomass-derived carbon dots
Carbon dots: synthesis, formation 2019 Green synthesis of carbon dots Solution phase sensing and solid phase 3
mechanism, fluorescence origin (including selection of biomass carbon sensing
and sensing applications sources and other carbon sources, and

sustainable processes), exploration of the

fluorescence mechanism of carbon dots,

and their applications in sensing
A review on the synthesis, 2023 Selection of green carbon sources, Fluorescence and electrochemical 31
properties, and applications of characterization methods and the sensing, fluorescent ink, photocatalytic
biomass derived carbon dots properties of carbon dots, effects of applications, and pharmaceutical

doping, and applications in sensing and  applications

fluorescence
Biomass-waste derived graphene 2018 The chosen carbon source is biomass Applications of biomass derived GQDs: 24
quantum dots and their waste, exploring some influencing PL sensors, light-emitting diodes, and
applications factors in synthesis, sensing, biomedical applications

luminescence, biomedical applications Energy applications of GQDs in general:

of BCDs, and energy applications of supercapacitors, batteries, and

graphene quantum dots photovoltaics
Carbon quantum dots derived 2024 Various polysaccharides as carbon Soil fertilization, detection of heavy 32
from polysaccharides: chemistry sources, and applications in the metals, textile finishing, and biological
and potential applications environment, textile industry, and activities (microbicidal, anticancer &

medical fields antiviral activities)
Construction of biomass carbon 2019 Applications of biomass carbon dots in Metal ion sensors, anion sensors, small 33
dot based fluorescence sensors the sensing field, including the molecule sensors, macromolecule
and their applications in chemical preparation of sensors and quenching sensors, and bioimaging
and biological analysis mechanisms of biomass CDs
Synthesis and applications of 2023 The factors influencing the performance  Energy storage batteries, energy storage 34
carbon quantum dots derived of biomass carbon dots, their optical supercapacitors, renewable energy,
from biomass waste: a review properties, and applications in energy, pollutant sensing, catalytic degradation

the environment, and medicine-related of environmental pollutants, drug

fields delivery, biosensing, and bioimaging
Recent advances of biomass 2021 Using animals, plants and their Sensing 35

carbon dots on syntheses,
characterization, luminescence
mechanism, and sensing
applications

4940 | Chem. Sci, 2025, 16, 4937-4970

derivatives, as well as urban waste as
carbon sources; methods to control the
optical properties of carbon dots and
tune fluorescence color and quantum
yield; summarizing the luminescence
mechanism and quenching mechanisms
in detection applications
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Fig. 2 Overview of BCDs: from biomass carbon sources to battery applications.

resulted in carbon dots with markedly different properties.
Thus, relying solely on organisms as carbon sources may pose
challenges in achieving the desired carbon dot products. There
might be opportunities for further exploration in under-
standing biomass components and optimizing purification
processes. Furthermore, the relatively low content of active
substances capable of participating in reactions within natural
organisms may limit the efficiency of carbon dot production.
Although the abundance of raw materials can offset this limi-
tation, it remains a crucial consideration in the carbon source
selection process. Opting for relatively pure biological compo-
nents like glucose, citric acid (CA), or cellulose as raw materials
can mitigate some stability concerns but may elevate produc-
tion costs.

2.2 Synthesis methods of carbon dots from biomass carbon
sources

The synthesis methods of BCDs include various techniques
such as HTC, solvothermal methods, microwaves, chemical
oxidation, and pyrolysis carbonization.

2.2.1 Microwave-assisted synthesis. Microwave carboniza-
tion stands out as a remarkably convenient, cost-effective, and
highly efficient method for carbon dot synthesis.®* By harness-
ing the energy of electromagnetic waves, it disrupts chemical
bonds within biomass materials, prompting dehydration,
polymerization, and ultimately carbonization to yield carbon

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

nanostructures.®* Despite its minimal time requirements and
comparatively high carbon dot and quantum yields," draw-
backs include limited control over reaction conditions and
product sizes, along with potential health risks associated with
microwave radiation.””** Nevertheless, studies have successfully
employed microwave techniques to synthesize carbon dots from
diverse sources like garlic,* flour,* and roses.*®

2.2.2 Chemical oxidation approach. The chemical oxida-
tion approach involves the use of potent oxidizing agents such
as hydrogen peroxide and nitric acid®® to catalyze the carbon-
ization of biomass materials. This method introduces hydro-
philic surface functional groups, like hydroxyl and carboxyl
groups, rendering it a simple, effective, and scalable tech-
nique.'* However, the use of costly and hazardous oxidants
raises concerns about material toxicity, somewhat conflicting
with the environmentally friendly ethos of biomass utilization,
leaving room for optimization.

2.2.3 Pyrolysis carbonization. Pyrolysis carbonization is
a commonly employed method, where a carbon source is placed
in an inert gas atmosphere, at controlled pressure and elevated
temperatures (>350 °C). The precursor undergoes a sequence of
dehydration, polymerization, and carbonization, ultimately
yielding carbon dots.> The pyrolysis method offers relatively
straightforward steps and swift processing. Moreover, unlike
the microwave method, it isn't constrained by the requirement
of using water as a solvent.”” Nonetheless, its high-energy

Chem. Sci., 2025, 16, 4937-4970 | 4941
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composition of the carbon source of the same organism; (b) optical images of biomass waste used for the synthesis of CDs. Reproduced with
permission.® Copyright 2020, Royal Society of Chemistry; (c) cellulose chain breaking, hydrolysis, polymerization, and carbonization. Repro-
duced with permission.?®8 Copyright 2023, Wiley-VCH; (d) carbon dots were synthesized from leaves of Ginkgo biloba as a carbon source for
electrocatalysis. Reproduced with permission.>® Copyright 2018, Wiley-VCH; (e) the process of synthesizing carbon points with birch leaves, for
sustainable electroluminescent devices. Reproduced with permission.*® Copyright 2023, Royal Society of Chemistry.
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consumption and the wide particle size distribution of resultant
products signify areas for improvement.*

2.2.4 Hydrothermal carbonization. Hydrothermal carbon-
ization (HTC) stands out as the foremost method for producing
BCDs, primarily because various biomolecules exhibit remark-
able water solubility or hydrophilicity (Fig. 3d and e). This
characteristic facilitates the efficient dispersion of a diverse
array of molecules and ions within the reaction milieu. Within
the confines of a sealed pressure vessel, under conditions of
elevated temperature and pressure, biomass feedstocks
undergo a sequence of transformations including condensation
(comprising hydrolysis, dehydration, and decarboxylation
processes), polymerization, aromatization, and passivation.®
These intricate processes culminate in carbonization, giving
rise to the formation of carbon dots. For example, experiments
conducted by Baccile et al.®” unveiled the generation of dehy-
dration intermediates such as hydroxymethylfurfural and
furfural during the hydrothermal treatment of various
biomasses (including glucose, xylose, maltose, sucrose, amylo-
pectin, and starch). Subsequently, these intermediates proceed
to undergo further condensation, resulting in the formation of
other carbon structures. Karak et al.®® synthesized water-soluble
fluorescent carbon dots from banana juice, utilizing carbohy-
drates like fructose, sucrose, glucose, and ascorbic acid as
carbon sources. The mechanism they suggest for formation
begins with the hydrolysis, dehydration, and subsequent
decomposition of carbohydrates when ascorbic acid is present.
This process results in the creation of various soluble
compounds, including furfural, different types of aldehydes,
ketones, and several organic acids such as acetic, levulinic, and
formic acid. These compounds undergo polymerization and
condensation to form various soluble polymer products.
Following this, aromatic restructuring and carbonization occur
through condensation and cyclization reactions. Ultimately,
carbon dots are formed through a likely nucleation burst of
aromatic clusters at a critical concentration at the supersatu-
ration point.

During the hydrothermal carbonization process, many
materials retain their inherent functional groups containing
oxygen, such as carboxyl and hydroxyl groups.® This offers the
opportunity to introduce additional materials post-
hydrothermal reaction or through functionalization, thereby
further enhancing the physicochemical properties of HTC
materials.*® Additionally, the heteroatoms naturally present in
the biomass feedstock undergo self-doping during this process.
For example, Feng et al.”® utilized winter melon juice as both the
biomass carbon source and the self-doping nitrogen source to
synthesize photoluminescent N-doped carbon dots, demon-
strating their excellent biocompatibility and promising appli-
cations as bio-imaging agents.

In summary, hydrothermal carbonization represents
a synthesis approach characterized by simplicity in operation,
environmental friendliness, cost-effectiveness, ease of control,
and scalability. Nonetheless, the precise effects of various
reaction parameters-such as temperature, duration, concentra-
tion, and others-on the structure (encompassing size, carbon-
ization extent, surface functional groups, etc.) and yield of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon dot products remain ambiguous. Hence, there arises
a need for deeper exploration into the mechanisms and
processes governing hydrothermal reactions, aiming for
enhanced predictability, construction of product structures,
and refinement of production conditions.

For instance, Huang et al.” observed that employing ginkgo
wood for the synthesis of wood-based carbon quantum dots,
under optimal conditions of 180 °C for 8 hours resulted in
maximal photoluminescence intensity of the carbon dot prod-
ucts. They emphasized that deviations from these conditions-
either inadequate carbonization due to insufficient time or
low temperature, or excessive carbonization due to prolonged
time or elevated temperature-resulted in diminished photo-
luminescence intensity of the wood-based carbon quantum
dots.

In another study, Sapelkin et al.”? investigated the hydro-
thermal reaction of glucose for carbon dot production. They
noted that extending the reaction time led to reductions in
carbon dot particle size and enhancements in monodispersity.
In-depth investigations using high-resolution transmission
electron microscopy (HRTEM) and diffraction analysis indi-
cated a decrease in crystallinity and phases. Meanwhile, Raman
spectroscopy results pointed to an enhancement in crystallinity,
evidenced by a decreased Ip/lg ratio and narrower G-band
width. The research suggested a plausible structure for carbon
dots, consisting of a graphitic sp*> carbon core that is func-
tionalized with peripheral carboxylic and carbonyl groups, as
well as sp® carbon defects. Additionally, a mechanism for the
formation of carbon dot particles was outlined, encompassing
four distinct stages: precursor decomposition, polymerization
and aromatization, nucleation, and subsequent growth. The
solvothermal method serves as an extension of the hydro-
thermal approach, utilizing organic solvents like ethanol,
acetone, DMF, etc., as substitutes for water, or employing mixed
solvents such as ethanol-water solutions. For instance, Pack-
irisamy et al” conducted solvothermal treatment using
a 25 vol% ethanol-water solution with a non-aqueous carbon
source, curcumin. This yielded highly hydrophilic BCDs, and
they further explored their potential application in bioimaging.

3. Modification strategies of biomass-
derived carbon dots

The synthesis of BCDs involves various modification methods,
with common approaches including heteroatom doping and
surface functionalization. The introduction of heteroatoms into
carbon dots affects the Fermi level and electrons in the
conduction band, thereby altering their optical and surface
properties. Doping methods mainly comprise self-doping
within biological entities and the addition of exogenous
doping reagents such as urea, ethylenediamine (EDA), and
sodium thiosulfate.”

Lu et al.” conducted a study where they prepared three types
of carbon dots using CA as the carbon source (Fig. 4): nitrogen-
free CA-CDs, nitrogen-doped CE-CDs with EDA, and nitrogen-
doped CM-CDs with melamine. They characterized CM-CDs

Chem. Sci., 2025, 16, 4937-4970 | 4943
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Fig. 4 Modification methods of BCDs: (a) a schematic representation of the synthetic pathway used to prepare the N-doped and defect-
engineered MoP/CDs catalyst; (b) XPS survey spectra of CDs; (c) XRD patterns; (d)TEM images of CA-CDs, (e) CE-CDs and (f) CM-CDs; (g) FT-IR
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Reproduced with permission.”® Copyright 2017, Elsevier.
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with the highest nitrogen content through X-ray photoelectron
spectroscopy (XPS) (Fig. 4b). Transmission electron microscopy
(TEM) images revealed different particle sizes among the three
materials (Fig. 4d-f). X-ray powder diffraction (XRD) indicated
the broad (002) plane peaks for CE-CDs and CM-CDs, corre-
sponding to an amorphous carbon structure, suggesting that
they are amorphous carbon materials (Fig. 4c). UV-vis absorp-
tion spectra, and PL excitation and emission spectra of the three
materials also exhibited noticeable differences (Fig. 4h-j).
Fourier-transform infrared spectroscopy (FT-IR) characteriza-
tion showed that nitrogen doping led to different N-containing
functional groups on the surface of carbon dots (Fig. 4g). In
subsequent studies, carbon dots were mixed with Mo
compounds and phytic acid (PA) as raw materials, followed by
pyrolysis in an argon atmosphere to form catalysts for water
electrolysis. The research highlighted that during pyrolysis,
carbon dots underwent self-crosslinking via hydrogen bonds
between surface functional groups (e.g., amino (-NH,), hydroxyl
(-OH), and carboxyl (-COOH) groups) and van der Waals
bonding between adjacent carbon dots, forming interconnected
carbon layers. These carbon layers exhibited good electrical
conductivity and helped reduce the internal resistance of
materials. Furthermore, the study emphasized that by selecting
appropriate precursor molecules for the synthesis of carbon
dots, the doping of carbon dots with different heteroatoms
could be controlled, thereby adjusting the electron arrangement
of surrounding reaction sites. The doping of nitrogen intro-
duced defects and increased the number of active sites on the
surface of carbon dots. Nitrogen-doped carbon dots enhanced
catalytic activity, reduced the overpotential of the catalyst, and
strengthened the adsorption capacity of reaction intermediates,
thereby significantly improving the catalytic performance of the
catalyst.

Self-doped carbon dots can be prepared by employing the
biomass precursors containing heteroatoms. For example, Ding
et al.”” utilized the sulfur-rich tropical fruit durian as a carbon
source to synthesize sulfur-doped carbon dots. The luminescent
properties of these CDs can be finely adjusted by controlling the
degree of S doping and demonstrate high quantum yields,
highlighting their potential applications in fluorescence bio-
imaging. In another study, Ge et al.”® employed green pepper
seeds as a carbon source to hydrothermally synthesize nitrogen,
sulfur, and phosphorus co-doped carbon dots (NSP-CDs). These
NSP-CDs exhibit remarkable fluorescence properties, water
solubility, and biocompatibility, showcasing their promising
role as biological fluorescent probes.

Surface functionalization or surface passivation refers to
improving the performance of carbon dots (CDs) by modifying
functional groups on their surface without altering the carbon
core, thereby influencing their properties, including surface
chemistry and optical performance. For example, Pooja D. and
her team’ synthesized nitrogen/sulfur-doped carbon dots
through self-assembly by dehydrating and condensing bio-
derived precursors such as CA and cysteamine using a simple
microwave pyrolysis method (Fig. 4k). It was noted during the
synthesis of the intermediate (Fig. 4k “3”) that CA and cyste-
amine experienced the removal of three water molecules,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting in surface passivation, which introduced nitrogen and
sulfur groups to varying degrees. The presence of thiol func-
tional groups on the surface of CDs was confirmed by FT-IR.
Functionalization of carbon dots with dithiothreitol was per-
formed to impart thiol functional groups on their surface for
selective detection of toxic arsenite in water. The study also
explored the absorption and emission properties of CDs
following functionalization. It was found that the positioning of
the peaks remained unchanged when thiol ligands were intro-
duced. Furthermore, the emission behavior of the CDs post-
functionalization, across various excitation wavelengths,
demonstrated excitation-independent characteristics. This
suggests that dithiothreitol primarily added surface function-
alities to the CDs without altering their internal architecture.

Research on the doping and surface functionalization of
BCDs is still in its nascent stages, with much inspiration drawn
from the self-doping processes of biomass materials.” In
reality, the synthesis of BCDs isn't inherently incompatible with
that of chemical carbon dots; rather, they share numerous
similarities and offer opportunities for mutual enhancement.
While some dopants like EDA, thiourea, and melamine may not
originate from biological sources, they have been proven to
significantly enhance material functionality when used as
exogenous dopants in biomass carbon dot synthesis, even in
small quantities. It's important to note that this doesn't
fundamentally contradict the principles of green synthesis.
Furthermore, biologically derived dopants such as urea, amino
acids, and phytic acid present alternative, eco-friendly doping
avenues. This realm of research remains ripe for further
exploration. Moreover, given the typically abundant presence of
functional groups on biomass carbon dot surfaces, there exists
immense potential for surface functionalization. As investiga-
tions into various biomass carbon dot structures deepen,
adopting modification strategies for chemical carbon dots
could prove to be a fruitful avenue for future inquiry.

4. The structural characteristics and
corresponding characterization
techniques of BCDs

Due to the extensive applications of BCDs in fields such as
fluorescence sensing, bioimaging, and optical materials, there
is a wealth of literature discussing their optical properties and
control methods. Consequently, we won't delve further into the
optical properties of BCDs here. In essence, owing to the
“quantum size effect”, the fluorescence emission wavelength of
BCDs varies with particle size. Carbon dots synthesized through
different methods exhibit distinct ultraviolet-visible absorption
characteristics, with their excitation wavelength and intensity
subject to control by factors such as particle size, pH value, and
surface defect status. This endows them with remarkable
tunable luminescent properties. Moreover, BCDs may also
manifest features such as upconversion fluorescence and
downconversion fluorescence.

We will now provide an overview of the structural charac-
teristics and corresponding characterization methods of carbon
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dots. This will aid in advancing research on the preparation,
modification, understanding of formation mechanisms, and
applications of carbon dots.

BCDs typically consist of sp>hybridized graphite mixed with
a sp*-hybridized core and surface-hydrophilic oxygen-
containing groups. The particle size typically ranges from 2 to
10 nm, and specific structural characterization data are listed in
Table 2.

5. Application of BCDs in batteries
5.1 Lithium-based batteries

5.1.1 Lithium-ion batteries. Lithium-ion batteries (LIBs),
with the advantages of high output voltage, high energy density,
low self-discharge rate, etc., have widespread applications in
electronic products, electric vehicles, and other fields.**®
However, in these areas, such as the iterative development of
electric vehicles, there are increasing demands on the power
density and cycle life of LIBs.**** The development of LIBs with
high reversible capacity, excellent rate performance, and long-
term cycle stability largely depends on the improvement of
the slow diffusion kinetics processes and structural stability of
the electrodes.®*® Among them, the research on optimizing
battery materials through various strategies, such as using
BCDs, has made some remarkable progress.

Silicon monoxide (SiO) has gained attention as a potential
high-capacity anode material for the advancement of
rechargeable LIBs in the rapidly expanding realm of portable
electronics.”* However, a significant challenge facing SiO
anodes is their poor initial coulombic efficiency (ICE), which is
largely attributed to the formation of irreversible Li,SiO,
compounds and their inherently low conductivity. Conse-
quently, the incorporation of supplementary cathode materials
becomes essential to compensate for the lithium ion
consumption in full cells, thereby limiting the potential
improvement of the actual energy density in LIBs.”* Moreover,
all Si-based anode materials will have a continuous parasitic
reaction with the electrolyte. This arises from the substantial,
repeated volume changes (~200%) that induce an unstable
solid electrolyte interface (SEI) film. Furthermore, the highly
reactive lithiated compound Li,Si may interact spontaneously
with the electrolyte. Efforts to mitigate these reactions have
focused on the utilization of appropriate electrolyte additives to
improve the mechanically and chemically stable solid electro-
lyte interface films. Additionally, the development of new
binders featuring rigid or flexible composite frameworks and
self-healing properties has demonstrated efficacy in accom-
modating large volume expansions and curbing parasitic reac-
tions.?” Lin et al.** employed discarded Balsa wood sawdust and
lithium bis(trifluoromethane sulfonimide) (LiTFSI) in a single-
step hydro/alcohol-thermal reaction to fabricate lithium-
absorbed and fluorine-doped CDs possessing heteroatom-rich
and lithium-absorbing properties (Fig. 5a-d). The size of the
F-CDs-Li nanoparticles is approximately 3 nm. XPS analysis
revealed that fluorine in the F-CDs-Li primarily exists as C-F
bonds, while lithium mainly adsorbs on the surface of CDs in
the form of Li-OH, indicating successful doping of F into CDs
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and surface adsorption of Li onto CDs (Fig. 5d). Subsequently,
silicon monoxide was mixed with a designated volume of F-CDs-
Li solution to adsorb F-CDs-Li onto micro-sized SiO particles.
The mixture was stirred and dried at 80 °C, followed by heating
of the obtained sample at 800 °C in a corundum boat for 5
hours. During the annealing process, the zero-dimensional CDs
underwent self-assembly and carbonization, resulting in the
formation of a LiF-modified carbonaceous layer that coats the
SiO particles. The LiF-carbon coating on the surface of SiO
particles facilitates ion/electron transmission, induces the pre-
decomposition of LiPFg to generate a uniform and thin dense
SEI with a LiF-rich inner layer, and also suppresses volume
expansion of the electrode materials during cycling (Fig. 5e).
This inhibition of volume expansion helps in preventing elec-
trolyte reduction and SiO particle fragmentation, thereby
significantly enhancing coulombic efficiency (CE), cycle life,
and rate performance. Consequently, the SIO@LCD electrode
materials demonstrate superior electrochemical properties
compared to SiO or LiF-free carbon-coated SiO electrode mate-
rials, exhibiting higher average CE and improved cycling
stability. The pouch cell assembled at the ampere hour (A h)
level exhibits remarkable cycling stability, maintaining
a capacity of 3105.4 mA h (capacity retention of 85.1%, 400
cycles at 0.2C) (Fig. 5f).

Two-dimensional (2D) layered materials, renowned for their
high specific surface area and active surfaces, have attracted
significant interest for use as anodes in LIBs/SIBs.”>** Among
these, MXenes (with the general formula M,,.;X,T,, where M
represents metals such as Cr, Mo, Zr,Ti, Nb, V...; X denotes C,
N...; T, indicates functional groups like -OH, -F, =O...; n = 1-
4) have emerged as particularly promising anode materials due
to their metal-like conductivity, adjustable interlayer spacing,
and modifiable functional groups. Ti,NbC,T, is recognized as
a representative double transition metal MXene.”> However,
akin to most 2D materials, MXene nanosheets tend to aggregate
and self-stack, impeding electrolyte contact and severely con-
straining the effectiveness of active surfaces for redox reactions.
This self-stacking phenomenon presents a major challenge in
the development of MXene-based electrode materials.”” Guo
et al®® employed CA as the carbon source and EDA as the
nitrogen source for the synthesis of nitrogen-doped carbon dots
through a 5-hour hydrothermal treatment at 200 °C (Fig. 6a).
Subsequently, they hydrothermally synthesized a typical double
transition metal MXene, Ti,NbC,T,, in conjunction with carbon
dots, resulting in the formation of the Ti,NbC,T,@CDs hybrid.
XPS confirmed successful anchoring of the 0D carbon dots onto
the surface/edge of 2D Ti,NbC,T, nanosheets through Ti(Nb)-
O-C covalent bonds. Inductively coupled plasma emission
spectroscopy analysis demonstrated a carbon dot loading of
16.8 wt%. The incorporation of CDs was found to weaken the
interlayer force within Ti,NbC,T, nanosheets. Additionally, the
formation of edge-crumpled Ti,NbC,T,@CDs nanosheets
modified surface terminations, effectively inhibiting the self-
stacking of MXenes and increasing the exposure of reaction
sites and terminal functional groups. This process further
expanded the interlayer spacing, facilitating the rapid migra-
tion of Li’ ions. Bader charge analysis indicated that, on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Characterization methods and corresponding common characteristic data for BCDs

Characterization

methods Common characteristic data

TEM/SEM BCDs exhibit excellent dispersibility, with particle sizes mostly smaller than 10 nm, and are
predominantly spherical in shape

AFM TEM can only determine the size on a two-dimensional plane and not the height of particles. When
measuring the thickness of BCDs, it's typically found to be equivalent to several layers of graphene

HRTEM The measurement of lattice fringe spacing typically falls within the range of 0.18-0.24 nm, although
there are often instances where no distinct spacing is observed

XRD Often, for amorphous carbon, the 26 values range between 20 and 25, exhibiting broad diffraction peaks

FT-IR BCDs typically contain chemical bonds such as -OH, C-H, C=0, and C=C, and other chemical
functionalities. They may also include C-N and C-S bonds

XPS BCDs typically contain carbon, oxygen, nitrogen, and sulfur, which can be reflected in XPS
measurements. The spectra obtained from XPS can be used to determine the elements present in BCDs
as well as the bonding modes between these elements. In BCDs, common bonds include C-C, C-N, C-O,
C=0, and N-H

Raman Defect-related D and G peaks are located near 1300 and 1580 cm ™', respectively, with a 2D-peak
(~2700 cm ™)

NMR Nuclear Magnetic Resonance (NMR) carbon spectra can characterize the hybridization state of carbon in

BCDs, typically showing a hybridization mixture of sp® and sp*

average, the carbon atoms in CDs carried a positive charge,
while the Li/Na atoms adsorbed onto the carbon layer also
exhibited positive charges. This mutual repulsion contributed
to a reduced diffusion barrier for Li/Na ions within the hybrid
materials, enhancing ion diffusion kinetics. The pore structure
of Ti,NbC,T,@CDs hybrids was significantly enhanced
compared to that of Ti,NbC,T,. This enhancement was attrib-
uted to the prevention of self-stacking in MXenes due to their
anchoring and intercalation by CDs. This process introduced
micropores, mesopores, and wrinkles in the hybrid material,
optimizing the pore size distribution and surface characteris-
tics. Introducing 0D CDs into double transition metal MXenes
led to a more stable discharge specific capacity for the Ti,-
NbC,T,@CDs composite. This stability was observed after
dynamic reorganization and reactivation of the material's
framework, which was driven by rapid (de)intercalation of Li
ions at high current density. As an anode, Ti,NbC,T,@CDs
exhibited a capacity of 217.3 mAh g ' at a rate of 5A g™, along
with stable cycling performance and excellent capacity reten-
tion for lithium-ion batteries. Moreover, it demonstrated
a remarkable capacity of 109.2 mAh g ' at 5 A g~ " over 10 000
cycles for sodium-ion batteries.

The growth of lithium dendrites can lead to a series of issues
such as low CE and safety threats in lithium-based
batteries.®®**** BCDs with designed functional groups can
exhibit good dispersibility in organic electrolytes, and their
abundant surface functional groups can synergistically
combine with lithium ions. This synergistic combination facil-
itates uniform transportation of Li* to the current collector,
leading to a smooth metal reduction on the surface during the
plating and stripping process. Hong et al.'** utilized CA as
a carbon source and urea as a nitrogen doping agent to prepare
UCDs (urea carbon dots) via a DMF solvent-thermal method.
The carbon dots possess small sizes of 2-5 nm, ensuring good
dispersibility in solvents. Elemental analysis (EA) and XPS

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

measurements confirmed the presence of abundant carboxylic
acid and pyridinic-N groups on their surfaces. These surface
functional groups’ unique combination of surface electrostatic
attraction and strong affinity for lithium ions demonstrates
significant potential in mitigating unstable lithium deposition.
When utilized as an electrolyte additive, the diminutive size of
the CDs initiates small initial Li nuclei, facilitating ideal Li
stacking and the formation of a stable SEI. This unique
advancement of the CDs was further explored through battery
cycling tests. Li/Cu half-cell experiments utilizing the CDs
exhibited the lowest overpotential, achieving an average CE of
95.5% over 100 cycles at cycling rates of 1 mAcm >and 1 mA h
cm 2. In contrast, tests without the CDs resulted in only 89.0%
efficiency on average. Moreover, the CD-enhanced Li/Li
symmetric-cell tests exhibited stable cycling for up to 500
cycles under conditions of 0.5 mA h cm > and 2.5 mA cm ™ 2. In
stark comparison, the potential difference in pure Li/Li
symmetric-cell tests significantly increased before completing
200 cycles. Furthermore, even under extreme testing conditions,
such as a full-cell test with a LiCoO, cathode and a 20 pum Li
metal anode, the inclusion of CD additives led to a remarkable
average CE of 99.1% over 100 cycles and 99.9% capacity reten-
tion after this period (compared to 98.1% average CE and 57.9%
capacity retention without CDs).

5.1.2 Lithium-sulfur batteries. Lithium-sulfur batteries
have garnered significant attention for their low cost, high
energy density (2600 W h kg™"), and eco-friendliness.'*®
However, the shuttle effect-where polysulfides generated during
electrode reactions migrate between the cathode and anode-
poses a significant challenge, leading to irreversible loss of
active materials, hindering the practical application of lithium-
sulfur batteries.'**'** Strategies to address this issue typically
involve loading sulfur into conductive host materials with high
polysulfide adsorption capabilities.**>'° In recent years, various
high-performance host material/sulfur composite cathodes

Chem. Sci., 2025, 16, 4937-4970 | 4947
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Fig. 5 Li-absorbed and F-doped carbon dots: (a) a schematic diagram depicting the synthesis process of F-CDs-Li and SiO@LCD; (b) PL spectra
of F-CDs-Li solution (excitation at 365 nm) (insets showing digital images of the original F-CDs-Li solution and the solution under UV excitation);
(c)the yield of CDs in various solvents; (d) the high-resolution F 1s and Li 1s spectra of F-CDs-Li; (e) schematic illustration of the influence of F-
CDs-Li coating on the electrochemical performance of a SiO anode; (f) cycling stability of the pouch cell at 0.2C (1C = 3700 mA g™}, with the
inset showing the as-assembled pouch cell. Reproduced with permission.** Copyright 2023, Elsevier.

have been developed. However, the use of high surface area host
materials for polysulfide adsorption requires excess electrolyte
to prevent surface passivation, thereby impeding lithium-ion
transport. Conversely, low surface area composites necessitate
increased electrode thickness to achieve high sulfur content,
resulting in an uneven electrolyte distribution. Consequently, in
traditional strategies, the performance of host material/sulfur

4948 | Chem. Sci, 2025, 16, 4937-4970

composite cathodes largely depends on the presence of excess
electrolyte and low sulfur loading. Therefore, there is an urgent
need to design host materials that allow for the preparation of
sulfur cathodes under high sulfur loading and at low electrolyte-
to-sulfur ratios (E/S). To achieve this goal, it is necessary to
suppress the shuttle effect and ensure uniform electrolyte
distribution in thick electrodes.”” Previous studies have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Application of BCDs in lithium batteries: (a) a schematic diagram of the edge-crumpled Ti,NbC,T,@CDs nanosheets; (b) schematic
depiction of Niga—Niyp-CDS@CNF; (c) TEM image of as-produced CDs of the Ti,NbC,T,@CDs composite ((inset): HRTEM image of the CDs); (d)
rate performance of different cathodes; (e) charge—discharge curves and (f) cycling stability of a sulfur cathode (sulfur loadings: 50 mg cm~2 and
E/S: 5 pl mg™?). (a and c) Reproduced with permission.®s Copyright 2024, Elsevier. (b, d—f) Reproduced with permission.®” Copyright 2022, Wiley-
VCH.
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indicated that a major factor contributing to the shuttle effect is
the slow kinetic process of soluble polysulfide conversion to
insoluble sulfides, followed by the migration of accumulated
polysulfides driven by concentration diffusion and electric field
effects.'”” Therefore, the shuttle effect can be mitigated by using
catalytic host materials with low adsorption surface area that
rapidly convert polysulfides.'*®** Host materials with ordered
porous 3D self-supporting structures facilitate electrolyte
penetration. Among them, electrospun self-supporting carbon
nanofibers (CNFs) are widely used due to their high conduc-
tivity, structural stability, and scalability.''* However, the large
pores and low specific surface area of CNFs may lead to aggre-
gation and loss of loaded catalysts." Lu et al.®” employed
carbon dots as aggregation inhibitors to fabricate self-
supporting CNFs with nickel single-atom (Nig,) sites alongside
small-sized, well-dispersed metallic nickel nanoparticles (Niga—
Ninp-CDS@CNF) as a scalable catalytic sulfur host, aiming to
optimize both sulfur loading and the electrolyte-to-sulfur ratio
(E/S) (Fig. 6b and c). A simple bottom-up hydrothermal
approach was utilized, using CA as the carbon source and EDA
as the nitrogen-doping agent, to synthesize nitrogen-doped
carbon dots with an average diameter of approximately
4.7 nm at 200 °C for 5 hours. The XPS test confirmed the
presence of abundant nitrogen- and oxygen-containing func-
tional groups on the surface of the CDs. This structural feature
allows the carbon dots' functional groups to adsorb metal ions,
while the high temperature stability and crystalline cores of
adjacent carbon dots act as spacers to prevent excessive metal
migration, thereby providing more high-activity single-atom
catalytic sites Niga. As a result, Niga-Ninp-CDS@CNF serves as
a scalable sulfur host, allowing the sulfur cathode to achieve
a high capacity of 66.5 mA h cm > at approximately 0.02C, along
with impressive cycling stability (maintaining around 86.1% of
its initial capacity after 100 cycles at approximately 0.12C), even
at a low E/S of 5 uL. mg™ " and a high sulfur loading of 50 mg
cm? (Fig. 6d-f).

Liu et al.™ employed egg white as the carbon source and
synthesized N,S-CDs through self-doping of biomass materials.
Ovalbumin and other components in the egg white freeze-dried
powder can spontaneously adsorb onto Graphene Oxide (GO)
nanosheets (Fig. 7a). Subsequently, after co-hydrothermal
treatment at 250 °C for 12 hours and annealing under
a nitrogen atmosphere at 800 °C for 2 hours, N and S co-doped
CD decorated graphene composites (N,S-CDs/rGO) were ob-
tained. The introduction of carbon dots imparts a three-
dimensional porous structure to the material, while nitrogen
and sulfur element doping from the carbon dots provides
adsorption sites for polysulfides, thereby suppressing their
diffusion. The N,S-CDs/rGO based cathodes exhibit superior
performance characterized by higher rate capability and high
sulfur utilization. Specifically, the N,S-CDs/rGO@S65 cathode
(where 65 denotes the mass fraction of sulfur loading) demon-
strates a capacity of 1550 mA h g ' at a rate of 0.5C and
maintains high capacities of 783.6 mA h g™ at 5C, significantly
outperforming rGO@S65. Remarkably, after 600 cycles of long-
term cycling at 5C, the cathode retains a capacity of 427.9 mA h
g~ ' (Fig. 7b-d).
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5.2 Sodium-ion batteries

The widespread use of lithium-ion batteries in various elec-
tronic devices has accelerated the consumption of lithium
resources. It is foreseeable that the scarcity of lithium resources
will hinder further development in the future. Sodium-ion
batteries (SIBs), on the other hand, are seen as a potential
supplement to LIBs due to the abundant reserves of sodium
resources and their similar electrochemical mechanism to
LIBs."™ The strategy of using BCDs to modify battery materials
is also applicable in sodium-ion batteries.

5.2.1 Anodes for sodium-ion batteries. Currently, one of
the primary challenges in the field remains the lack of suitable
anode materials exhibiting excellent sodium storage perfor-
mance. Among various contenders, carbonaceous materials
stand out for their promising attributes such as affordability,
sustainability, structural robustness, and satisfactory perfor-
mance, positioning them as potential candidates for commer-
cial anodes in sodium-ion batteries (SIBs).'**'** Nonetheless,
their initial coulombic efficiency (ICE) still lags behind that of
graphite anodes used in LIBs, posing a hurdle to widespread
adoption. Although a scant number of literature studies have
reported ICE values exceeding 90% for carbon materials in SIBs,
this limitation significantly constrains energy density and
hampers future commercial prospects.’*” Hence, the imperative
lies in the development of high-performance carbonaceous
anode materials with enhanced ICE, constituting a vital
research avenue for the advancement of next-generation SIB
technology.

Jensen et al.'* subjected cellulose to hydrothermal treat-
ment at 200 °C for 12 hours, obtaining cellulose-derived carbon
dots (CCDs) from the supernatant of the reaction solution
(Fig. 7e-g). TEM images of CCDs suggest that the CDs are some
nanodomains with local graphitic nanostructures, embedded
on the amorphous carbon layer during the HTC process.
Subsequently, CCDs underwent further carbonization at 1300 °©
C for 1 hour in a nitrogen atmosphere, resulting in CCD1300.
Similarly, solid contents from the deposit in the reaction solu-
tion were subjected to the same procedure to obtain cellulose-
derived HTC carbons (CHTCs). The XPS survey (Fig. 7h) and
fitted C 1s peaks reveal that carbonized CHTCs have a substan-
tially higher oxygen content compared to CCDs, suggesting the
presence of more topological defects. This lower oxygen content
in CCDs could potentially be a result of the highly ordered
nanodomains, which facilitate oxygen decomposition during
the carbonization process, thereby allowing carbon atoms in the
surrounding to diffuse towards the graphitic domains and form
ordered microstructures. CCD1300 exhibits a significantly
improved Initial Coulombic Efficiency (ICE) along with
outstanding sodium storage capacity, attributed to its lower
surface area, reduced defect density, and higher degree of
graphitization. Notably, CCD1300 demonstrates an impressive
ICE of 91%, which ranks among the highest values reported for
hard carbon anodes in SIBs (Fig. 7i). This enhancement can be
linked to the condensed stacking morphology and reduced
specific surface area of the CCD samples, which minimize the
contact area between the electrolyte and electrode, thus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 CDs from egg white and cellulose: (a) a schematic diagram depicting the fabrication process of the N,S-CDs/rGO@S composites; (b) the
charge/discharge profiles of N,S-CDs/rGO@S65 at various rates; (c) long-term cycling stability of N,S-CDs/rGO@S65 at 5C for 600 cycles; (d)
rate performance comparison between N,S-CDs/rGO@S65 and rGO@S65; (a—d) reproduced with permission.*> Copyright 2019, Elsevier. (e)
Raman spectra of CHTC1300 and (f) CCD1300; (g) XRD patterns; (h) XPS survey; (i) cycling stability of CCD1300 and CHTC1300 in half cells at
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Fig. 8 CT-CDs derived from chitin: (a) schematic illustration of the synthesis process of MoS,/CT-CDs; (b and c) SEM images of MoS,/CT-CDs;
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facilitating the formation of a less SEI. Additionally, the more
ordered nanostructure, lower concentration of oxygen func-
tional groups, and reduced defect density result in fewer
sodium ions being trapped with high binding energy, thereby
reducing irreversibility in the first cycle.

Metal sulfides possess significant theoretical specific
capacities and energy densities, rendering them excellent
candidates for anodes in sodium-ion batteries. MoS,, with its
graphene-like layered architecture and weak van der Waals
forces between the layers, facilitates efficient pathways for Na*
ion intercalation/deintercalation. The theoretical sodium
storage capacity of MoS, can reach 600 mA h g~ '."® Neverthe-
less, its low intrinsic conductivity hinders the effective transfer
of ions and electrons. Additionally, MoS, experiences volu-
metric expansion during charge and discharge cycles, leading to
electrode material deformation.** Carbon materials, known for
their high conductivity and ability to facilitate rapid charge
transfer while reducing agglomeration, have been utilized to
improve the sodium storage capabilities of MoS,.”**"** Wang
et al.> utilized chitin as a carbon and nitrogen source to prepare
10 nm sphere-like carbon dots (CT-CDs) via the hydrothermal
method (Fig. 8a-c). XPS analysis reveals that CT-CDs contain
abundant nitrogen- and oxygen-containing functional groups,
which can create various surface defects and generate addi-
tional active sites (Fig. 8d-g). These CT-CDs served as functional
structural inducers, facilitating the assembly of MoS, nano-
sheets into MoS,/CT-CDs nanocomposites that exhibited
hydrangea-like structures. In contrast to the original block-like
configuration of MoS,, the hydrangea-like morphology,
combined with the increased spacing between layers, offered
additional active sites and pore channels, which promoted the
adsorption and transport of sodium ions, notably improving the
electrochemical reaction kinetics. The MoS,/CT-CDs, synthe-
sized via CT-CD induction, demonstrated reduced impedance
while mitigating electrode material failure due to agglomera-
tion and fragmentation, thereby accommodating volume
changes during battery operation and improving long-term
cycling stability. When utilized as the anode in sodium-ion
batteries, Mo0S,/CT-CDs achieved a high reversible capacity
(3389 mAhg ', at 0.1 Ag ", after 100 cycles and 219.9 mA h
g ', at 1 A g ", after 260 cycles) (Fig. 8h—j).

Transition metal sulfides have emerged as among the top
electrode materials for SIBs because of their impressive theo-
retical capacity and the presence of numerous active sites.'**
Furthermore, mixed metal sulfides have garnered increasing
attention in the field of energy storage compared to single-metal
sulfides. This is attributed to their capacity to produce syner-
gistic effects, lower band gaps, and enhanced conductivity.'*
For instance, the Ni,Co;_,S; compound demonstrates a wider
range of redox reactions and greater specific capacitance than
its individual single-metal sulfides (NiS,/CoS,)."** Nevertheless,
the cycling stability and rate performance of Ni,Co;_,S, are
hampered by volumetric expansion that occurs during the redox
process. The introduction of a highly conductive and buffering
matrix, such as carbon materials, is regarded as an effective
strategy, to mitigate volume expansion and prevent self-
aggregation, ultimately improving the cycling stability of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode material.”*>*** Fan et al*' utilized glucose as the
carbon source and conducted a reaction at 200 °C under
a nitrogen atmosphere for three hours to produce carbon dots
(Fig. 9a). The HRTEM images of the CDs reveal their size range
to be below 10 nm, and demonstrate a lattice spacing of
0.21 nm, which matches well with the (100) plane of graphite
carbon (Fig. 9c and d). In contrast to conventional methods
where carbon dots are synthesized first and then applied to
materials, this study initially synthesized nickel-cobalt bime-
tallic sulfide NiCo,S,, which possesses abundant internal pores.
Subsequently, the carbon source glucose was loaded into these
internal pores and carbonized. The finally formed NiCo,S,@-
CDs, resulting from the synergistic interactions of Co/Ni-based
bimetallic sulfides, the confinement provided by carbon dots,
and the distinctive cross-stacked structure, shows a greater
discharge specific capacity than pure NiCo,S,. The carbon dot-
based conductive network enhances electrical conductivity,
allowing for efficient transport of electrons/Na'. Additionally,
the introduction of CDs effectively suppresses volume expan-
sion and self-aggregation of the electrode material, thereby
improving cycling life. When used as anodes in SIBs, NiCo,-
S4,@CDs achieved a rate capacity of 568.9 mAhg ' at0.5A¢g "
and maintained a discharge specific capacity of 302.7 mAh g™ *
after 750 cycles at 5.0 A g~ * (Fig. 9g).

5.2.2 Cathodes for sodium-ion batteries. Sodium-ion
batteries require high energy density and fast charging, but
the charge transfer kinetics of cathode materials limit their
performance."”®**® Currently, strategies such as using carbon
composites and structural engineering have been employed to
improve the performance of cathode materials."***** However,
challenges still exist, including the competition between
conductivity and electrochemical activity, as well as the opti-
mization of interface structures.'**

Bai et al.** employed diethylenetriamine as a dopant and
tartaric acid as a carbon source to synthesize nitrogen-doped
CDs through a 30-minute stirring heating process at 130 °C in
an ethanol solution. Subsequently, the carbon dots, in a facile
co-precipitation method, acted as an ionic surfactant to control
the particle-growth process of the sodium-ion cathode material
NASICON (Sodium Super Ionic Conductor) structured poly-
anion NazV,(PO,); (NVP) (Fig. 9b and e). The incorporated
carbon dots, featuring a wealth of surface functional groups (-
NH, and -OH) and a { potential of 4.54 mV, were firmly
anchored to the surface of NVP, effectively halting further
growth of NVP crystals (resulting in a slight increase in specific
surface area from 2.5 to 17.5 m”> g~ "). This shortened the ion-
diffusion path, thereby accelerating diffusion kinetics.
Furthermore, compared to conventional carbon composites
with high carbon contents, the electrical conductivity of NVP
was markedly enhanced through the incorporation of trace
amounts of carbon (0.76 wt%) (Fig. 9f), effectively striking
a balance between electrical conductivity and electrochemical
performance of NVP. Moreover, the incorporated CDs with
plentiful functional groups (-NH, and -OH) (Fig. 9j-1) facili-
tated the rapid decomposition of NaPF¢ and accelerated NaF
deposition kinetics on the NVP surface, resulting in the
formation of a thin and stable NaF-rich cathode-electrolyte
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Fig. 9 BCDs derived from glucose and tartaric acid: (a) schematic illustration of synthesis of NiC0,S,@CDs through the assembly of nanosheets
into a cross-stacked superstructure, followed by the incorporation of CDs; (b) diagram illustrating the optimization mechanism for the inte-
gration of CDs into NVP; (c and d) HRTEM image of the carbon dots in NiCo,S4@CDs, with the inset in (d) displaying the inverse FFT patterns; (e)
STEM of NVP/NCDs (f) TGA; (g) cycle performance of NiCo,S,@CDs and NiCo,S, in SIBs; (h) dQ/dV curves for the NVP/NCDs cathode and hard
carbon anode in a full cell; (i) N, adsorption—desorption isotherm; (j) FT-IR spectra and (k) C 1s spectra; (1) N 1s spectra; (m) cycling performance
of NVP/NCDs. (a, ¢, d and g) Reproduced with permission.®* Copyright 2023, Elsevier. (b, e, f, h—m) Reproduced with permission.*?” Copyright

2024, Wiley-VCH.

4954 | Chem. Sci, 2025, 16, 4937-4970

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08659g

Open Access Article. Published on 25 February 2025. Downloaded on 1/21/2026 5:27:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Review

Current/ mA

Transmittance / a.u.

c . C=C

30 32 34 36 38 40 42 44 ————T——T—T—
o e prs 500 1000 1500 2000 2500 3000 3500 4000
¢ Potential vs. (Li/Li’) v f Wavenuiber /i g
45

BE < Dendrites ISE
+_ 40
= 5 3
=
- 3 ? -
$ 3
> g E
> 4 .=
i 'g e
> £ f.'. S "Regulate
= . vaa
g 25 2 ay av the
§ > » winterfacial water,

»
°

View Article Online

Chemical Science

64.1%
HER inhibition efficiency

. Hfgh dissociation barrier
Py LY
- -

0 4 60 8 100 15011io %0 18 B o
. o L g : p symmetric
h Capacity /mAh g l L~ v SymmetricH,0 v 9 4 oorvated H,())z J & Isolated H,0 ZCDs enrichment region
8
ZCDs o3| smaren? - SmA/10th
—— Zinc gluconate “ 1 2.5 mAbem? . —+—2mA/1500th
: 6+ 5 ma/1500th
. 0.14
3 5 T E )
< S
E‘ ;‘ 0.0 \O 44 /#""{
7 = b4
g S N .,’,I"'
| 0.1 4 ' g
—BE 24 ',n?’
ISE g
02 /)'
I T T T T T T T 0 T T T
20 30 40 50 60 0 300 600 900 1200 1500 0 5 10 15 20
2 Theta / degree Test time / h Z'/ ohm

Fig. 10 BCDs derived from ATP and zinc gluconate: (a) schematic representation of the synthesis process of H-LNVP nanocomposites; (b) the
cyclic voltammograms of pure LVP, LNVP and H-LNVP at 0.1 mV s%; (c) FT-IR spectra of ZCDs; (d) TEM images of ZCDs, the inset image (left)
shows the physical image of electrolytes with different concentrations of ZCDs placed for five months; (e) initial charge—discharge profiles of H-
LNVP at different rates; schematic illustrations of interfacial reactions of the Zn anode in (f) conventional Zn?* electrolyte and (g) functional Zn®*
electrolyte containing ZCDs; BE: benchmark ZnSO,4 electrolyte; ISE: inorganic nanoparticle suspension electrolyte; (h) XRD patterns; (i) long-
term cycling performance of symmetric Zn||Zn cells; (j) electrochemical impedance spectra. (a, b and e) Reproduced with permission.**®
Copyright 2017, Royal Society of Chemistry. (c, d, f—j) Reproduced with permission.**¢ Copyright 2023, Elsevier.
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interface layer. This significantly improved the interfacial
sodium-ion diffusion kinetics. Consequently, the carbon dots
conferred ultrastable cyclability to Na;V,(PO,)s, with a retention
of 98.4% capacity over 20 000 cycles in a half cell, as well as
excellent rate capability (up to 200C). Additionally, in a full cell
configuration, the material exhibited fast charging properties
(approximately 110.2 s per charging with 250.8 W h kg™ input)
and high energy density (368.7 W h kg™ ') (Fig. 9h and m).
Zhang et al.** utilized the biomolecule, ATP, as the anionic
surfactant and biocarbon to synthesize the layered hybrid phase
Li,NaV,(PO,)s/carbon dot (H-LNVP/CD) nanocomposite
through sol-gel and carbon thermal reduction methods
(Fig. 10a). This novel composite cathode demonstrated
a reversible capacity of 158 mA h g~ " at 0.1C in a mixed-ion cell
containing Li"/Na', facilitated by the electrochemically active
redox reactions of V**/v>" and V**/V*" (Fig. 10b), significantly
surpassing single-phase contrastive samples. The battery
exhibited a prominent high voltage plateau, featuring a distinct
discharge voltage at around 3.7 V, along with a CE of approxi-
mately 100% at 10C (Fig. 10e). These performances were partly
credited to the CDs on the surface of layered H-LNVP nano-
particles, which significantly enhanced their electronic
conductivity. The high-energy biomolecules produced CDs
(average size of about 3 nm) on the surface of the layered
structure through the thermal decomposition reduction
method. Due to the high surface-to-mass ratio of CDs, a greater
number of lithium ions could be accommodated on the sites.
Leveraging the remarkable physical properties of CDs such as
the quantum tunneling effect and high electron mobility, the
transport efficiency of Li" ions and electrons was increased.

5.3 Zinc ion batteries

With the development of renewable energy and the expansion
of the electric vehicle market, there is a continuous increase in
demand for high-performance, high-safety batteries.’*” Zinc-ion
batteries have attracted attention due to their low cost,"® high
safety,"”® and environmental friendliness."*® However, their
practical application is limited by various issues that occur with
the zinc anode during the cycling processes, such as zinc
dendrite growth,"* parasitic reactions,'** and electrode surface
corrosion.”® The poor electrical conductivity and structural
stability of the cathode also result in slow reaction kinetics and
weak cycling durability."** Biomass-derived carbon dots, as
highly cost-effective modifiers, find applications in various
components such as zinc electrolytes, cathodes, and separators
in zinc batteries.

5.3.1 Electrolyte additives. Peng et al'** conducted
a thermal decomposition of zinc gluconate in an argon atmo-
sphere at 160 °C for 2 hours. Following this, the resulting
product was dissolved in water, filtered to eliminate large
particles, and then purified through dialysis and freeze-drying
to yield zinc-doped CQDs (ZCDs) (Fig. 10d). The presence of
Zn>" ions prevents uncontrolled aggregation during the pyrol-
ysis process and they serves as passivation agent for surface
defects. These carbon dots display a uniform quasi-spherical
morphology with an average diameter measuring 2.24 nm. FT-

4956 | Chem. Sci, 2025, 16, 4937-4970

View Article Online

Review

IR (Fig. 10c) and XPS confirmed the presence of oxygen-
containing functional groups such as hydroxyl and carboxyl
groups on the surface of ZCDs. These functional groups not only
ensure good dispersibility of the carbon dots in the electrolyte
but also interact with water molecules, dynamically enriching at
the zinc/water interface and regulating the structure of the
interface water (Fig. 10f and g). By controlling the structure of
the interface water, the number of solvated water molecules is
reduced, thereby decreasing electrochemical reactions at the
interface. This promotes a uniform plating/stripping process
for zinc. Consequently, the Zn anode shows predominantly
dendrite-free plating and stripping behavior when in contact
with this distinctive electrolyte, a remarkable 64.1% inhibition
efficiency against the hydrogen evolution reaction, a signifi-
cantly prolonged cycle life (over 1500 hours at 5 mA cm™>), an
outstanding cumulative capacity of approximately 3.75 A h
em 2, and a capacity retention of around 83% in a Zn||V,Os5
battery over 4000 cycles (Fig. 10i and j).

Zhang et al® synthesized blue-fluorescent carbon dots (B-
CDs) rich in zinc-binding groups using CA and EDA as carbon
and nitrogen sources, respectively, via a microwave-assisted
method (Fig. 11a-c). The B-CDs exhibit a consistent disper-
sion (average diameter of around 2.3 nm), as evidenced by the
TEM image. Moreover, the HRTEM images indicate that the
CDs possess high crystallinity, featuring a lattice spacing of
0.21 nm, which aligns closely with the d-spacing of the gra-
phene (100) plane (Fig. 11d). Through thorough examination of
Raman and XRD spectra, the presence of sp> and sp® hybrid-
ization further underscores the high degree of crystallization
and graphitization of B-CDs. Additionally, the FT-IR spectra
reveal characteristic vibrations corresponding to -OH, -NH,, -
CN, -COOH, and -CO, which are in close agreement with the
XPS results (Fig. 11e). Notably, B-CDs exhibit a consistent
spatial distribution in a 2 M ZnSO, solution with a lower ¢
potential. This, coupled with the abundance of functional
groups on their surface and their stable presence in the aqueous
ZnSO, electrolyte, positions them as viable additives for stabi-
lizing Zn anodes. Experimental and computational simulations
corroborate the effectiveness of an ultrathin Zn>* adsorbing
layer composed of carbon dots with zincophilic groups on the
surface of the Zn metal. This layer optimizes the distribution of
the electric field, reduces nucleation energy barriers, and
enhances anticorrosion currents. It's worth noting that the
presence of B-CDs in the electrolyte leads to a higher nucleation
energy barrier for the Zn electrode (39.5 mV), ascribed to the
deposition of B-CDs alongside Zn>". Furthermore, the increased
nucleation overpotential in electrolyte with B-CDs facilitates the
formation of smaller Zn grains with an advantageous crystal-
lographic orientation. With the CDs providing protection, the
Zn anode successfully achieved extended Zn plating/stripping
with a reduced voltage hysteresis of 37 mV (at a current
density of 1 mA cm ™2 for 2500 h). This study presents another
innovative aspect wherein carbon dots not only function as
effective inhibitors for zinc dendrites but also capitalize on their
fluorescence properties. The carbon core, featuring a rich array
of peripheral structures, induces intense blue fluorescence from
B-CDs (Fig. 11f-h). Utilizing fluorescent carbon dots as a color

© 2025 The Author(s). Published by the Royal Society of Chemistry
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filter, they are introduced into electrolytes to fabricate fluores-
cent fiber-shaped aqueous zinc-ion batteries (FFAZIBs). This
serves as a proof-of-concept design for integrating displays into
battery fibers for multifunctional smart textiles (Fig. 11i-m).
Additionally, a prototype FFAZIB with a high voltage plateau
(1.55 V) was successfully fabricated by encasing a zinc wire with
free-standing Prussian blue, pre-coated with a fluorescent gel
electrolyte. These resulting FFAZIBs leverage the protective
benefits provided by electrolyte additive engineering for the zinc
anode, along with the multiple active sites available in the free-
standing Prussian blue cathode. This combination enables
exceptional cyclability (with a capacity retention of 78.9% after
1500 cycles) and a high energy density of 0.17 W h em ™. It's
worth noting that the hydrophilic groups of carbon dots can
provide poly(vinyl alcohol) (PVA) hydrogel electrolyte with
robust water retention capacity. In contrast to electrolytes
lacking B-CDs, those incorporating B-CDs are able to maintain
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78% of their moisture content after being exposed to ambient
conditions for 10 days. The inevitable aggregation of fluo-
rophores of carbon dots leads to aggregation-caused quenching
(ACQ), resulting in the disappearance of fluorescence in the
solid state. Fortunately, ACQ can also be effectively mitigated by
the PVA hydrogel, which markedly reduces the interaction
between B-CDs and increases their separation. This ultimately
maintains good stability and blue fluorescence in the solid
state.

5.3.2 Separators. Traditional separators, such as glass fiber
(GF)** and cotton fiber filter paper, encounter challenges like
low ion conductivity and uneven pore distribution.'*® Despite
being an economically viable choice, cellulose filter paper (CF)
still grapples with issues arising from its large and uneven pore
structure, obstructing ion transport and leading to uncontrolled
zinc dendrite growth. These constraints significantly impede
the further advancement of AZIB technology.
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(a) Schematic illustration depicting the preparation process of PBC@CF-separators and their application in an aqueous Zn-LiFePO, dual

ion full battery; Reproduced with permission.**” Copyright 2022, Elsevier. (b) Schematic diagram of the formation of the PtCoCN (CDs-X) catalyst.
Reproduced with permission.**® Copyright 2024, Royal Society of Chemistry.
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Yu et al.**” subjected persimmon branches to drying at 120 °
C for 12 hours followed by carbonization at 600 °C for 2 hours
under a nitrogen atmosphere, yielding persimmon branch
carbon (PBC) embedded with evenly dispersed CDs (Fig. 12a).
Subsequently, they utilized a cellulose filter paper separator
modified with PBC to obtain an efficient ion transport modu-
lator, the PBC@CF separator. TEM analysis revealed that PBC
displayed a porous structure with uniformly sized carbon dots
ranging from 3 to 5 nm. XPS measurements indicated that its
surface possessed abundant functional groups containing N
and O, enhancing the separator's wettability and zincophilicity.
0 and N atoms in PBC repelled SO,*>”, thereby limiting anion
migration and promoting cation transference, ultimately
resulting in a high Zn-ion transport rate. Additionally, the
irregular macropores in the CF separator were filled with PBC
particles, resulting in a more uniform interface layer that
functions as an ion redistribution device, thereby ensuring an
even distribution of the electric field at the separator-anode
interface. The ionic conductivity of the modified PBC@CF
separator was improved, increasing from 8.85 to 17.63 mS
em™'. Additionally, the zinc nucleation overpotential was
reduced, while the exchange current density increased from
4.78 x 1072 to 7.32 x 10~ mA cm 2, while also improving the
reversibility of zinc stripping and plating when compared to
those of the CF separator. The zinc symmetrical cell utilizing the
PBC@OCEF separator exhibited stable cycling over 300 hours at 1
mA cm 2, approximately three times higher than the perfor-
mance of the cell with the CF separator. Additionally, the Zn-
LiFePO, dual-ion full battery with the PBC@CF separator
demonstrated excellent rate capability and remarkably
enhanced cycling stability over 200 cycles, maintaining 86% of
its initial capacity at 1C compared to batteries utilizing the CF
separator.

5.3.3 Cathodes for zinc ion batteries. V,0s, as a low-cost,**®
high-capacity cathode material,"”® holds great potential for
various applications. However, its performance is still not ideal
due to issues such as poor structural stability during cycling and
slow ion diffusion kinetics.****** Zheng et al.** first subjected
chitosan to ultrasonic treatment, followed by a 12-hour hydro-
thermal process at 180 °C, resulting in the synthesis of mono-
disperse nitrogen-doped carbon dots (particle size of 3.08 nm
and lattice spacing of 0.21 nm) (Fig. 13a). XPS and FT-IR anal-
yses confirmed the presence of abundant N-functional groups
on the surface (Fig. 13b-d). Subsequently, chitosan carbon dots
(CCDs) were incorporated into V,0s using a straightforward
hydrothermal process, yielding CCDs@V,05 nanobelts charac-
terized by a distinctive one-dimensional structure and excep-
tional electrochemical properties. The mass fraction of CCDs
within the nanobelts was determined to be 7.92 wt% (Fig. 13e).
The nitrogen-doped oxygen vacancies in the carbon dots were
found to weaken the interaction between zinc ions and the
main structure, thereby facilitating Zn>* diffusion. Further-
more, these vacancies contributed to the formation of V**
species. Additionally, the larger ion radius of V** in the coor-
dination bond, compared to V°*, promoted lattice spacing
expansion, enhancing the reversibility of Zn>" insertion and
extraction (Fig. 13g-i). The incorporation of CCDs expanded the
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specific surface area of V,0s, thereby improving the interface
contact between the electrode and electrolyte (Fig. 13f), and
consequently shortening the diffusion path length for zinc ions.
Moreover, the unique one-dimensional structure of the nano-
belts provided additional pathways for electron transfer,
thereby accelerating the kinetics of diffusion reactions
(Fig. 13j). The CCDs@V,0s nanobelts exhibit significant
potential as a cathode for AZIBs. They demonstrated
outstanding rate performance and impressive long-term cycling
stability. The battery achieves a specific capacity of 401.4 mA h
g 'at 0.1 Ag ", and the specific capacity remains high at 285.3
mA h g even after 400 cycles at 1 A g~ '. Remarkably, the
specific capacity still reaches 212.30 mA h g~ ' after enduring
2000 cycles at 4 A g™, retaining an impressive capacity reten-
tion rate of 83.77%.

Zhang et al.*** employed glucose as a carbon source, and
treated it with V,05 under hydrothermal conditions at 140 °C
for 24 hours to construct conductive CQD decorated V,O5
nanobelts. From the HRTEM image, it is evident that the carbon
dots, with an approximate diameter of 3 nm, are uniformly
dispersed within the V,05 framework. Through thermogravi-
metric analysis (TGA), the mass fraction of CDs in the
composite material was determined to be 4.26 wt%. XPS results
reveal the partial reduction of some V** ions to V**. The pres-
ence of the mixed valence states of V** and V>* allows for the
possibility of a multi-electron reaction during zinc
intercalation/deintercalation. The V,05/CQDs nanobelts exhibit
a BET surface area of 9.4 m” g, double that of unmodified
V,0s. This increased surface area is anticipated to bolster
electrochemical performance by increasing the contact area
between the electrode and electrolyte, as well as reducing the
diffusion path of Zn>". Functioning as a cathode material for
ZIBs, it showcases a high capacity of 460 mAh g ' at 0.1 Ag !,
outstanding rate capability, and impressive long-term cycling
stability, retaining a specific capacity of 1775 mAhg 'at4Ag™"
over 1500 cycles. The integration of CQDs and the formation of
V" jons lead to an expanded interplanar spacing in V,Os,
alongside enhanced electrical conductivity, thereby facilitating
rapid charge transfer and ion diffusion.

Among the different V-based materials, tunnel-type VO,(B) is
considered an attractive host for AZIBs due to its suitable open
structure capable of accommodating Zn** ions,* exhibiting
a high specific capacity of 365 mA h g~ * at 0.05 A g~ * (equivalent
to ~0.57 mol Zn>" per VO,)."** However, the advancement of the
high-performance VO,(B) cathode is still hindered by slow
electron and ion transport kinetics. Wu et al.**® employed CA as
the carbon source and obtained carbon quantum dots (CQDs)
with an average size of 4 nm using a facile and scalable pyrolysis
method. HRTEM images revealed well-dispersed carbon dots
with a lattice spacing of 0.213 nm corresponding to the (100)
lattice plane of CQDs. The VO,/CQDs composite material was
synthesized through a one-step hydrothermal reaction by
combining a CQD aqueous solution with the V,05/H,C,0,
precursor. Importantly, the electrostatic interactions between
the negatively charged carbon quantum dots (—7.7 mV) and the
positively charged V,05 (+10.3 mV) facilitated the uniform
distribution of CQDs on vanadium oxide. The incorporation of
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Fig. 13 Chitosan-derived CDs integrated with V,Os nanobelts for aqueous zinc-ion batteries: (a) schematic of the synthesis of CCDs@V,0s
nanobelts; (b) XPS spectra of CCDs@V,0s; (c) infrared spectra of CCDs@V,0s, V,05 and CCDs; (d) XPS spectrogram of N of CCDs@V,0s; (e) the
TGA curves; (f) N, adsorption/desorption isotherms; (g) XPS spectrogram of V of CCDs@V,Os; (h and i) ex situ XPS spectra of V 2p and Zn 2p in
different charge/discharge states at 0.1 A g™%; (j) Zn?* storage mechanism diagram of the CCDs@V.Os electrode. Reproduced with permission.!s2
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CQDs in the decoration process significantly enhances various
aspects of the sample, including its surface area, presence of
oxygen-containing functional groups, electrolyte wettability,
reduction in charge-transfer resistance, and increase of ion
diffusion coefficients. Consequently, the resulting VO,/CQDs
composite material demonstrates remarkable electrochemical
performance metrics compared to the unmodified sample.
These include a greater achievable capacity (427 mA h g~ ' versus
373 mA h g'), increased specific energy (333 W h kg '
compared to 287 W h kg™ "), and enhanced rate capability (72%
retention versus 50% as the current density escalates from 0.2 to
8 A g7 !). Notably, the VO,/CQDs cathode exhibits exceptional
structural stability, allowing for consistent cycling performance
over more than 2000 cycles. These results underscore the
effectiveness of the CQD decoration strategy in improving
electron/ion transport kinetics within cathode materials,
thereby offering promising prospects for high-performance
AZIBs.

5.4 Other kinds of batteries

5.4.1 Potassium ion batteries. Potassium-ion batteries
(PIBs) share many similarities with SIBs.'*” Both are considered
as supplements to LIBs due to the abundance of their resources.
Their operating mechanisms are also relatively similar, and they
are both incompatible with current mainstream lithium-ion
graphite electrodes due to issues related to the ion radius.
Specifically, this is because the ionic radius of potassium ions
and sodium ions is much larger than that of lithium ions,
resulting in the materials undergoing larger strain. During
charging and discharging processes, this can lead to issues such
as electrode material volume expansion and decreased revers-
ibility. Therefore, there is an urgent need to develop suitable
electrode materials.”*® Amorphous carbon emerges as an
optimal option for fabricating high-performance PIBs and SIBs
owing to its ample interlayer distance and elevated defect
density. Nano-hollow carbon, a novel three-dimensional carbon
nanomaterial, boasts features such as a high specific surface
area, a variety of pore sizes, accessible inner cavities, and facile
doping capabilities.**® The hollow configuration of nano-hollow
carbon enhances large-scale ion transport by minimizing
diffusion distances and also helps reduce the negative volu-
metric expansion of anode materials during charge/discharge
cycles.’®® However, precise control over the size of hollow
carbon spheres significantly impacts the material's electro-
chemical performance. The silica-assisted template method for
synthesizing hollow carbon spheres typically involves coating
carbon materials onto silica templates of suitable sizes, fol-
lowed by etching away the silica templates to yield hollow
carbon spheres. Consequently, size-controlled hollow carbon
spheres can be obtained by fine-tuning the size of the silica
templates. Luo et al.*** employed citrus peel as a carbon source
to synthesize nitrogen-doped CDs through a 6-hour hydro-
thermal process at 180 °C, yielding CDs with a particle size of
approximately 10 nm. The narrow particle size distribution of
the CDs was confirmed using Gel Permeation Chromatography
(GPC). Analysis via XRD, XPS, and FT-IR revealed the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amorphous carbon phase of the CDs, along with abundant
nitrogen and oxygen functional groups on their surfaces. The
CDs possess a controllable surface structure, making them
amenable to functionalization through both covalent and non-
covalent bonds, thereby serving as effective connectors and
inducers for constructing nanostructures with diverse
morphologies. CDs obtained from citrus peel were utilized as
modifiers to regulate the size of template SiO,, facilitating the
preparation of hollow carbon spheres with varying diameters.
Throughout the synthesis of SiO, templates, the numerous
surface functional groups of the CDs strongly interacted with
the functional groups (such as hydroxyl groups) present in
silicic acid and tetraethyl orthosilicate, thereby impeding the
growth of SiO, spheres. By adjusting the quantity of added CDs,
a series of hollow carbon spheres with diverse pore sizes were
synthesized. Among these, nano-hollow carbon (HNC-60)
anodes with a size of 50 nm, where ‘60’ denotes the related
number corresponding to the amount of carbon dots added,
exhibited superior electrochemical performance for potassium/
sodium storage. The remarkable performance of HNC-60 is
attributed to its optimal size and hollow architecture, which
reduce the ion diffusion distance and mitigate volumetric
expansion during charge and discharge cycles. The pore struc-
tures of the carbon material were examined using the N,
adsorption-desorption test. HNC-60 has a specific surface area
of 733.3 m> ¢~' and displays typical type IV isotherms, sug-
gesting a hierarchical structure consisting of micropores and
mesopores, potentially resulting from the internal pyrolysis of
CDs. As an anode material for PIBs, HNC-60 retained a capacity
of 252.3 mA h g ' at 0.1 A g~ " after 200 cycles. Even after 1000
cycles, its reversible capacity was still 1942 mAh g™' (at 1 A
g "). Similarly, in SIBs, HNC-60 demonstrated a reversible
capacity of 269.2 mA h g~ ! (150 cycles at 0.1 A g~ ). Remarkably,
even at 1 A g~ ', the reversible capacity remained stable at 227.1
mA h g~ " after 1000 cycles. Lu et al.*** combined glucose as the
carbon source with Graphene Oxide (GO). They employed a two-
step process involving microwave-assisted treatment and high-
temperature annealing in a mixed Ar/H, atmosphere to intro-
duce glucose carbon dots onto the surface of reduced graphene
oxide (rGO), thus creating a high-performance anode
(CDs@rGO) for PIBs. The CDs@rGO paper, possessing a 3D
structure, facilitates improved kinetics by effectively reducing
the electron and ion conduction distances. Additionally, the
incorporation of CDs featuring O-containing functional groups
promotes the orderly induction of K ions, facilitating the
formation of a SEI on the electrode surface and preserving the
integrity of the electrode structure. Furthermore, CDs can serve
as a binder, ensuring the stability of the electrode structure
while minimizing the impact of the binder on battery perfor-
mance. As a result, the battery demonstrates a measured
specific capacity of 310 mA h g~' at 0.1 A g~ " with an ICE of
about 44%. After 840 cycles at 0.2 A g~ ', a capacity of 244 mA h
g ! with an average decay rate of 0.03% per cycle is achieved.
Furthermore, the CDs@rGO paper exhibits superior rate
performance compared to other carbon-based PIB anodes,
maintaining a capacity of 185 mA h ¢~ " at a current density of
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500 mA g ' after undergoing 6 consecutive current changes
from 100 to 500 mA g~ .

5.4.2 Metal-air batteries. The flexible metal-air battery has
attracted widespread research and attention due to its
remarkable theoretical energy density of 8100 W h kg™ ', as
well as its environmentally friendly nature and highly compat-
ible assembly with the existing electronic devices.'** In metal-
air batteries, the performance of the discharge process
predominantly hinges on the efficiency of the oxygen reduction
reaction (ORR) at the cathode electrode.’®® However, the prac-
tical application of commercial ORR catalysts for cathodes,
such as Pt/C catalysts is limited in their further development
due to factors such as exorbitant costs and inadequate stability,
impeding their further advancement.*

Metal-free carbon materials have been extensively
researched as non-precious metal catalysts for the oxygen
reduction reaction.'” Lai et al.*® utilized phytic acid as both
a carbon and phosphorus source to hydrothermally prepare the
precursor of ORR catalysts in conjunction with graphene oxide
(GO) nanosheets. During the hydrothermal process, the
formation and simultaneous in situ decoration of phosphorus-
doped carbon dots on the surface of GO takes place. Subse-
quently, the resulting sample undergoes further annealing at
elevated temperatures to yield the final product, P-CD/G nano-
composites. XPS testing indicates that samples annealed at 900
°C have a phosphorus content of 2.31 at%. The introduction of
P-doped carbon dots provides additional active sites, presenting
an improved thermodynamic driving force. The P-CD/G nano-
composites demonstrate outstanding ORR performance,
rivaling that of commercial Pt/C catalysts. When utilized as
a cathode in an Al-air battery, this device demonstrates
a remarkable power density of 157.3 mW c¢cm ™2, surpassing the
151.5 mW cm 2 of a similar Pt/C battery.

Yang et al.**® utilized sodium citrate as a carbon source,
subjecting it to a two-hour calcination at 500 °C in a nitrogen
atmosphere, followed by washing to eliminate sodium salts and
impurities, and obtained carbon dots. These CDs, rich in
oxygen-containing functional groups, competed with 2-methyl-
imidazole for coordination with Co>*. Moreover, during
assembly, small-sized carbon dots became integrated into the
framework structure of zeolitic imidazolate frameworks (ZIF-
67). Subsequent pyrolysis transformed the organic ligand and
carbon dots within ZIF-67(CDs) into N-doped porous polyhedral
carbon CoCN (CDs). Subsequently, platinum was anchored onto
the CoCN (CDs) to yield bimetallic catalysts termed PtCoCN
(CDs), characterized by a low platinum loading (<5 wt%)
(Fig. 12b). HRTEM images reveal that carbon dots with a lattice
spacing of 0.25 nm are well dispersed and assembled within the
catalyst. XRD and Raman spectroscopy confirm that the intro-
duction of carbon dots enhances the graphitization degree of
the material and the crystallinity of Co, thereby facilitating
rapid electron transfer. Additionally, the abundant oxygen-
containing functional groups on the CDs can coordinate with
Co atoms via Co-O bonds, providing new catalytic active sites.
The incorporation of carbon dots enhances the interaction
between Pt and CoCN (CD), resulting in a decrease in the d-
band center of Pt, weakening the adsorption of intermediates,
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accelerating the kinetics of the ORR, and enhancing catalytic
stability. As a result, PtCoCN (CDs) with optimized levels of
carbon dots exhibit commendable catalytic performance
towards the ORR in an alkaline medium. Furthermore, when
employed as the cathode catalyst in an assembled zinc-air
battery (ZAB), PtCoCN (CDs) demonstrates a high peak power
density of 194.2 mW cm 2 and satisfactory stability. Notably,
the voltage efficiency only decreases by 7.7% after 100 hours of
charge and discharge.

6. Conclusions and outlook

The distinctive attributes of BCDs, including their easy dis-
persibility, adjustable size, low toxicity, biocompatibility, and
customizable surface functional groups, pave the way for
extensive and impactful applications. Their low-cost, straight-
forward synthesis routes and environmental benefits further
accentuate their unique competitive edge among various func-
tional carbon materials. The carbon source of BCDs originates
from sustainable biological derivatives, a key feature that
differentiates them from traditional chemical carbon dots. This
distinction fundamentally influences both their synthesis and
application characteristics.

From a synthetic standpoint, selecting the appropriate
carbon source is paramount. When using organisms directly as
carbon sources for synthesis, despite the advantages of simple
preprocessing and low cost, the complexity and instability of
organism-derived components pose challenges in preparing
functional materials. The intricate nature of reaction substrates
and unclear reaction mechanisms make designing and
controlling the structure of functional materials difficult,
resulting in inefficient development in this field due to inef-
fective prediction and screening of experimental conditions.
Although the richness of biomass as a raw material partially
compensates for the low content of active components in
organisms, it inevitably leads to low material utilization and
high energy consumption during the production process.
Therefore, a potential future research direction involves
exploring reliable reaction mechanisms to guide synthesis
experiments, including material selection, process optimiza-
tion, and product modification. Additionally, further purifica-
tion or modification and functionalization studies of the
products are crucial. The abundant nitrogen, phosphorus,
sulfur, and other element contents in biomass enable self-
doping possibilities during the synthesis process. Carbon dots
derived from organisms may acquire nitrogen, phosphorus, and
sulfur-containing surface functional groups without further
treatment, providing them with richer surface chemical prop-
erties. This approach currently dominates research for the
synthesis and modification of BCDs. Furthermore, synthesis
strategies for chemical carbon dots also serve as references for
biomass carbon dot synthesis. For example, the use of exoge-
nous doping agents is a widely applied and effective method for
modifying biomass carbon dot materials. Even small amounts
of chemical doping agents can significantly enhance material
performance without undermining the original intention of
creating green and environmentally friendly BCDs. In future
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research, combining practical application scenarios and
demands with effective methods from chemical carbon dot
synthesis may yield unexpected results. For instance, in
biomedical applications, cautious consideration is necessary
when introducing substances with biological toxicity, while
carbon dots used in energy storage applications can circumvent
this limitation.

Currently, the most prevalent biomass carbon sources in use
are certain single-component, highly reactive biomass deriva-
tives such as CA, glucose, and amino acids. Despite the
increased costs associated with using high-purity reagents and
the environmental concerns they may raise, they still offer
distinct advantages compared to raw materials used in tradi-
tional chemical synthesis of carbon dots. The advantage of
using such raw materials as carbon sources compared to
organisms lies in eliminating the unstable factors of biological
raw materials, simplifying the post-processing of products, and
facilitating effective exploration of the mechanisms during the
reaction process. Moreover, the implementation of environ-
mentally friendly production processes for raw materials, and
the industrialization of complete production processes, are also
vital considerations for the application of such biomass carbon
sources.

In this comprehensive review, the primary focus is on the
intricate relationship between the application strategies of
BCDs in energy storage batteries and their structural attributes.
A detailed exploration of this structure-function correlation is
instrumental in inspiring innovative approaches for the design
and utilization of BCDs. Within the realm of battery materials,
the small size of BCDs facilitates easy dispersion, while their
graphitic carbon core enhances electron transfer capabilities,
rendering them highly advantageous in various electrochemical
applications such as electrocatalysis and energy storage
batteries. Carbon dots can function as versatile frameworks for
loading active materials, boasting adjustable sizes as an added
advantage. Their abundant surface functional groups directly
influence interactions at phase interfaces. For instance, they
can serve as electrolyte additives, regulating the growth of metal
dendrites at the electrolyte-electrode interface. Additionally,
they serve as precursors for synthesizing functional materials,
exerting influence on physicochemical changes during material
formation through their surface chemical properties. For
instance, carbon dots containing hydroxyl and carboxyl groups
can bind to silicates via hydrogen bonding in aqueous solu-
tions, thus constraining the growth of silica template particles
and indirectly governing the porosity and morphology of elec-
trode materials. Alternatively, carbon dots themselves can be
dispersed and embedded into precursor materials, undergoing
further physicochemical transformations to yield novel func-
tional materials. The versatile properties of BCDs render their
application areas flexible and extensive, with considerable
potential for expansion, offering abundant avenues for explo-
ration. It is noteworthy that their application in different fields
can blend with each other. For example, simultaneously
utilizing their electrochemical properties and optical charac-
teristics can lead to the development of fluorescent wearable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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battery devices, and exploration in interdisciplinary fields may
generate more creative strategies.
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