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Carbon dots (CDs) have garnered significant attention since their discovery in 2004. Their excellent
optoelectronic properties, superior biocompatibility, and ecological friendliness make them very
promising for sustainable agricultural applications. In this review, the synthesis strategies of CDs are first

summarized and the photoluminescence mechanisms, with a specific focus on linking these

fundamentals to their functions in agricultural production, are elucidated. Then the diverse applications
Received 12th July 2025

Accepted 28th October 2025 of CDs in agriculture are detailed, specifically highlighting their roles as photosynthetic efficiency

enhancers, light-conversion films and LEDs for controlled-environment agriculture, and versatile

DOI: 10.1039/d55u00583c nanosensors for detecting critical agricultural metrics. Finally, the current challenges and prospects of

rsc.li/rscsus CDs are discussed to guide their further innovative exploration in agriculture.

Sustainability spotlight

Carbon dots (CDs) have emerged as a promising nanomaterial since 2004 due to their unique properties, including photoluminescence, biocompatibility, and
eco-friendliness. These attributes make them highly relevant for sustainable agricultural applications. Developing cost-effective and scalable synthesis methods,
elucidating their photoluminescence mechanism, and exploring their agricultural potential are crucial for future sustainable development. Reviewing the recent
advancements in CDs can help promote green transformation, and advance efficient and sustainable development of agriculture. This work aligns well with
United Nations Sustainable Development Goal 12 (Ensuring sustainable consumption and production patterns) and Sustainable Development Goal 2 (Ending
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hunger, achieving food security and improved nutrition, and promoting sustainable agriculture).

1. Introduction

Carbon-based nanomaterials are an important class of mate-
rials primarily composed of carbon atoms at the nanoscale and
exhibiting diverse structures. Since their first discovery in 2004,*
these materials have attracted widespread attention from
researchers due to their high surface area, unique electronic
structure, and tunable properties. Among these carbon-based
nanomaterials, carbon dots (CDs) stand out because of their
zero dimensionality, strong fluorescence, and high biocom-
patibility. CDs have recently emerged as a powerful, environ-
mentally benign nanotechnology driving sustainable
agriculture. Typically, CDs are defined as small nanoparticles
with dimensions less than 10 nm.> Based on the different
structures and properties, CDs are classified into four cate-
gories: graphene quantum dots (GQDs), carbon quantum dots
(CQDs), carbon nanodots (CNDs), and carbonized polymer dots
(CPDs) (Fig. 1).>* GQDs consist of single-layer graphene or a few
atomic layers, with functional groups on the edge of their
carbon core. CQDs typically possess a spherical or quasi-
spherical morphology with a crystalline carbon core
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(comprising a hybrid of sp> and sp® carbon), which is different
from the extended planar structure of GQDs. CNDs, in contrast,
are defined by their predominantly amorphous and disordered
carbon core, which distinguishes them from the crystalline
nature of CQDs and the planar lattice of GQDs. The carbon core
of CPDs can be further divided into several subclasses:
a complete carbonization core similar to CQDs and CNDs,
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Fig. 1 Four categories of carbon dots and their structures: graphene
quantum dots (GQDs), carbon quantum dots (CQDs), carbon nano-
dots (CNDs), and carbonized polymer dots (CPDs). Reproduced from
ref. 4 with permission from Wiley, copyright 2021.
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The diversity of CDs is largely attributed to the differences in

carbon sources and synthesis methods.
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iny carbon CDs are emerging as a powerful, multi-functional tool poised
to revolutionize sustainable and precision agriculture. Their
structure.® exceptional optical properties enable the crucial function of
improving photosynthetic efficiency, optimizing the spectral

output of LEDs and light conversion films for use in controlled-

The precursors of CDs encompass a broad spectrum of
materials, primarily including organic compounds and inor-
ganic substances. The methodologies for synthesizing CDs can
be broadly categorized into two primary approaches: the top-
down method and the bottom-up method. The top-down
method usually strips CDs from bulk carbon materials such
as graphite,*® graphene, carbon nanotubes,”** carbon
fibers,'*" etc. In contrast, the bottom-up method synthesizes
CDs using carbon-containing small molecules such as
glucose,'**® sucrose,'>*” and citric acid.**** The choice of these
methods often depends on the desired properties of the CDs
and their intended application. Considerable efforts have been
devoted to developing easy, cost-effective, and large-scale
preparation methods. Recently, researchers reported the green
synthesis of CDs by hydrothermal methods at atmospheric
pressure. By heating rice husks at 220 °C with a solid loading of
3% w/v, CDs with high quantum yields can be synthesized
rapidly and on a large scale.”® Despite the significant advance-
ments in the synthesis and preparation of CDs, their lumines-
cence mechanism remains under debate. Currently, the main
views on the PL origin of CDs can be summarized as the surface
state, the carbon core state, and the molecular state.”* The
luminescence wavelengths of CDs can be modulated from
ultraviolet to near-infrared by controlling size distributions and
surface states, making CDs useful as biomarkers,* imaging,>®
lighting sources, sensors, and other optoelectronic devices for

27,28

9-11

2. Synthesis of CDs

agriculture.

environment agriculture. Furthermore, the high fluorescence
and versatile surface chemistry of CDs are key to developing
highly sensitive nanosensors capable of real-time detection and
quantification of critical agricultural metrics, including heavy
metals, antibiotic residues, and plant hormones. Besides, their
biocompatibility allows for in vivo sensing and imaging within
living plants. These applications of CDs in sustainable agri-
culture help meet the global food demand while maintaining
environmental resilience. However, the synthesis methods,
fluorescence mechanism, and applications of CDs in agricul-
tural production are not comprehensively understood. This
review aims to summarize the fundamental understanding and
the applications of CDs in the field of agriculture, to provide
theoretical support and practical guidance for the innovation of
agricultural science and technology, and to further promote the
green transformation and efficient development of agriculture.

In the past decade, scientists have made significant efforts to
develop facile, high-yield, cost-effective, eco-friendly, and large-
scale methods for the preparation of CDs. In principle, the
synthetic methods of CDs can be mainly divided into two
categories: top-down and bottom-up, based on the difference in
carbon source (Fig. 2).° By using the top-down method, CDs
were achieved by breaking down bulk materials, such as
graphite,* graphene,** carbon rods,** carbon nanotubes,* and
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Fig. 2 Schematic illustration of two classical synthesis routes for CDs: the top-down method and the bottom-up method.
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Table 1 Research progress on the synthesis of CDs
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Synthesis Precursor Size [nm]

Ex/Em [nm] Quantumyield Characterization method  Ref.

Ultrasonic-assisted 2-6
liquid phase
exfoliation
technique
Chemical oxidation
method
Electrochemical

method

Top-down Acetylene black

Graphite 2-2.8

Coke 2.44-3.36

Carbon rods 5

Laser-ablation MWCNTSs

method
3.4-4.5

Bottom-up Hydrothermal CA

method
Calcein 1.4-2.8

CA, 0-PDA 2.2-3.8

0-PDA 1.8-3.7

1.2-3.5
2-3

Gardenia fruit
Pseudo-stem of
banana plant

Corn stalk shell 1.2-3.2

Small-molecule- CA 1.4-3.3
precursor pyrolysis

method

Microwave-assisted CA
method

Resorcinol, OPD 4.9-7.3

Solvothermal 1.4-4.3

method

Lychee waste

other indispensable materials into the nano-scale. In contrast,
the bottom-up approach was based on the carbonization and
polymerization of small organic molecules and polymers.
Table 1 summarizes different synthetic methods along with
their sizes, quantum yields, etc. Note that the synthesis method
would critically influence the properties of CDs and impose
limitations on their agricultural applications. Top-down
approaches, while benefiting from inexpensive and readily
available carbon sources,** typically require strong acids or

120 | RSC Sustainability, 2026, 4, 118-141

310-490/ —
428-528

XRD, AFM, FT-IR, XPS, 48
UV-Vis

460/540 — UV-Vis absorption, 30
fluorescence spectroscopy
UV-Vis absorption, 41
fluorescence spectroscopy,
SEM-EDS

Confocal microscopy, 32
synchrotron radiation X-ray
fluorescence

HR-TEM, XPS, UV-Vis 45
absorption, fluorescence
spectroscopy

UV-Vis absorption, 49
fluorescence spectroscopy,
FT-IR, XPS

Zeta potential analyzer, 50
UV-Vis absorption,
fluorescence spectroscopy,
STEM, XRD

TEM, UV-Vis absorption, 51
fluorescence spectroscopy,
XPS, FT-IR, XRD

TEM, zeta potential 52
analyzer, UV-Vis

absorption, fluorescence
spectroscopy, FT-IR

TEM, XPS, FT-IR, XRD 53
UV-Vis absorption, 54
fluorescence spectroscopy,
FT-IR, XPS, Raman

spectrum

TEM, XRD, FT-IR, UV-Vis 55
absorption, fluorescence
spectroscopy

TEM, XPS, FT-IR, UV-Vis 56
absorption, fluorescence
spectroscopy, zeta

potential analyzer
Fluorescence spectroscopy, 57
UV-Vis absorption, TEM,

EDX

Fluorescence spectroscopy, 58
TEM, FT-IR, XRD, XPS
Fluorescence spectroscopy, 59
UV-Vis absorption, TEM,

XRD, XPS

340/440 19.27%

360/430

12%

320-400/
430-480

52.6%

490/530 21.9%

370/440 92.1%

— 25.4%

360/450
340/460

10.7%
48%

365/460 16%

340/425 19.2%

350/430 10.7%

398/555 62.8%

365/443 23.5%

oxidants, increasing their environmental burden.** Conversely,
bottom-up methods offer milder reaction conditions and facile
functionalization but suffer from precursor-dependent
outcomes, batch-to-batch variation, and complex reactions
that hinder precise control over the final CD properties.***” This
contradiction highlights the lack of standardized and scalable
synthetic schemes, which calls for further in-depth research
and optimization by researchers to enhance the repeatability
and reliability of CDs in agricultural applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.1 Top-down methods

Chemical oxidation methods, among the earliest approaches
for the synthesis of CDs, typically employ strong acids with
oxidizing properties, such as HNO; and the mixture of H,SO,
and HNOg3, to oxidatively cut bulk carbon sources into CDs. This
method introduces abundant oxygen-containing functional
groups on the surface of CDs, endowing them with excellent
dispersibility in water. Liu et al. used readily available and
inexpensive candle soot, refluxed with HNOj;, to synthesize
multicolor CDs, which presented great potential in fluorescence
labels in vitro and in vivo. Their work motivated the curiosity of
researchers to explore the exact chemical identities and fluo-
rescence mechanisms of CDs and has attracted continuous
attention until now. However, the use of strong acid as an
oxidant requires time-consuming post-treatment, including
purification (e.g., dialysis, filtration) and neutralization of
excess acid, which results in irreversible environmental
damage.*® To avoid this problem, Zhou et al. demonstrated that
CDs can be directly produced by oxidizing and cutting graphene
oxide (GO) into nanoscale without any further purification and
by-products. In their method, hydroxyl radicals ("OH), which
were generated from the decomposition of H,0, with catalytic
tungsten oxide (W;30,9) nanowires, were used as oxidants to
synthesize CDs. The underlying mechanism of CD formation
involves the selective attack of hydroxyl radicals ("OH) on the
carbon atoms that are part of the GO lattice and bonded to
oxygen-containing functional groups (such as hydroxyl and
epoxide). This preferential oxidation weakens the adjacent C-C
or C=C bonds, ultimately leading to the cleavage of the GO
sheets into small CDs.* Thus, the size of CDs can be accurately
controlled by adjusting the concentration of ‘OH.
Electrochemical methods normally use bulk carbon material
with good electroconductivity as a working electrode and
carbon source. During the electrochemical cycle, guest ions or
free radicals act as electrochemical scissors, exfoliating CDs
from the working electrode. The electrochemical method of
directly synthesizing CDs was first proposed by Ding's group.
They employed a three-electrode system, including a working
electrode made of multiwalled carbon nanotubes (MWCNTS)
grown on carbon paper, a degassed acetonitrile solution with
0.1 M tetrabutylammonium perchlorate (TBAP) as the sup-
porting electrolyte, Pt wire as the counter electrode, and an Ag/
AgClO, reference electrode.*® TBA cations intercalated into the
gaps during electrochemical cycling and broke the tubes near
the defects. Then, CDs were exfoliated from MWCNTs. Inspired
by this work, Wang et al. developed a one-step electrochemical
exfoliation method to synthesize CDs using a two-electrode
system. This system contained (NH,),S,0g electrolyte di-
ssolved in a mixture of MeOH and H,O with different volume
ratios. As shown in Fig. 3a, the lump coke served as the working
electrode, and a platinum plate electrode acted as the counter
electrode. This method provided an effective way to accurately
modulate the emission position of CDs by adjusting the applied
current density and water content in the electrolyte. The
mechanism of exfoliated CDs from coke included two steps: (1)
'OH and O steamed from water decomposition peeled off coke

© 2026 The Author(s). Published by the Royal Society of Chemistry
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into a multilayer graphene sheet, and assaulted the edge sheet
followed by hydroxylation or oxidation of the edge, which made
the edge planes to unfold the more edge sheets; (2) SO,"
radicals facilely intercalated into sheets and split the sheet to
generate CDs with a good crystalline state.** Despite this,
electrochemical methods face problems such as diverse elec-
trode materials, complex electrolyte compositions, and various
potential window selections, which make it difficult to
uniformly verify the yield, size, and photoelectric properties of
CDs in different studies. For instance, Zhang et al. prepared
boron-doped CDs by electrochemical exfoliation of boron-
doped graphene rods.”> Another study employed carbon-free
electrodes to prepare CDs through a one-pot electrochemical
carbonization.” Although these methods have expanded the
diversity of electrochemical synthesis, the introduction of more
variables due to factors such as electrode modification and
electrolyte formulation has further exacerbated the reproduc-
ibility challenge.

Laser-ablation methods generally adopt high-energy laser
pulses to bombard carbon-based targets to obtain carbon
nanoparticles, which are subsequently passivated with polymer
to improve the photoluminescence quantum yield (PLQY). The
PL emission of the CDs can be tailored by laser wavelength and
the input of laser fluence. Sun et al first obtained multicolor
CDs by using an Nd:YAG laser to ablate the mixture of graphite
powder and cement in the presence of water vapor with argon as
the carrier gas at 900 °C and 75 kPa. Although this approach
offered a novel way to prepare CDs, the harsh synthesis condi-
tions and complex post-processing, such as necessary passiv-
ation treatment, limited its practical application.** To simplify
the synthesis process, Kang et al. used one-step pulsed laser
ablation to peel MWCNTs from dispersed organic solvents (n-
hexane or ethanol) to obtain CDs. CDs were rapidly obtained
with homogeneous shape and size in 6 min without any
passivation. The solvents utilized in the synthesis could adjust
the fluorescence property of CDs (Fig. 3b).** The thin walls of
MWCNTs minimized the thermal interaction between the laser
and precursor via a photolytic process, which can lead to
homogeneous size distribution of the exfoliated QDs. Overall,
the laser-ablation method has high requirements for equip-
ment, consumes a lot of energy, and the quality of the synthesis
is difficult to control. This significantly increases the complexity
and cost of the process, making it difficult to achieve large-scale
production and application. On this basis, low-cost and high-
quality synthetic methods need to be further explored.

2.2 Bottom-up methods

Hydrothermal methods, involving polymerization and carbon-
ization precursors under comparatively high temperature and
pressure in a Teflon-lined autoclave, are widely adopted to
generate CDs.*® In 2010, Zhang et al. first used the small organic
molecule r-ascorbic acid as the carbon source, and a mixture of
H,0 and ethanol as the solvent, to directly synthesize mono-
disperse water-soluble CDs with an emission peak at 420 nm via
a hydrothermal reaction.” The low PLQY (6.76%) and monot-
onous fluorescence limited their potential for practical
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(a) Schematic illustration of the synthetic process of multicolor GQDs from coke. Reproduced from ref. 41 with permission from Elsevier,

copyright 2018. (b) Schematic diagram of the pulsed laser ablation process. Reproduced from ref. 45 with permission from Nature, copyright
2016. (c) Schematic illustration showing the synthesis process of C-dots on a kilogram-scale. Reproduced from ref. 52 with permission from
Elsevier, copyright 2022. (d) Schematic diagram of photoluminescent carbon nanodots prepared using porous MOF templates. Reproduced from
ref. 63 with permission from Wiley Online Library, copyright 2017. (e) The synthesis of SSF-emitting CD powder. Reproduced from ref. 65 with

permission from RSC, copyright 2021.

application. Inspired by their findings, Miao et al. prepared
multicolor N-doped CDs with blue-, green-, and red-emission
(B-CDs, G-CDs, R-CDs) by adjusting the ratios of citric acid to
urea and the temperature of the solvothermal reaction. They
demonstrated that the maximum emission of the CDs shifted
from blue to red as the temperature and molar ratio increased.
This shift was attributed to the increased conjugation length
and surface functional groups such as carboxyl (-COOH).* Zhu
et al. used calcein as a fluorescent precursor to prepare CDs with
triple-emission of UV, blue, and green. These emissions were
attributed to the original pyrolysis product of ethanol in NaOH,
surface defects, and calcein chromophore on the surface of the
CDs. Mixing CDs with rhodamine B (RhB) can create a CDs/RhB
composite with triple-emission in the visible region, func-
tioning as a multicolor sensor in cell imaging.*® CDs with ultra-
high PLQY of 92.1% and excellent dispersibility were hydro-
thermally synthesized using CA and o-phenylenediamine (o-
PDA) as carbon and nitrogen sources, respectively.*

Despite these advancements, the absence of large-scale and
high-yield preparation methods is still considered an obstacle
limiting their application. To address this, Ji et al. developed

122 | RSC Sustainability, 2026, 4, 118-141

a kilogram-scale preparation of near-infrared CDs (NIR-CDs)
with a cost of only 0.1$ per gram and a yield exceeding 96%.
They used o-phenylenediamine (0-PDA) dissolved in an aqueous
solution of sulfuric acid mixed with 3-chloroperbenzoic acid,
followed by treatment with microwave radiation and hydro-
thermal reaction (Fig. 3c).**> Under microwave radiation and
with the oxidization agents, the polymerization of the dimer 2,3-
diaminophenazine (DAP) was initiated. DAP is formed from the
self-condensation of two molecules of 0-PDA in an acidic envi-
ronment. Then, the energy provided by the hydrothermal
reaction further polymerized and carbonized these larger
molecules to generate CDs with an emission peak located at
653 nm. These CDs were sensitive to pH changes, resulting in
the emission peak rapidly shifting from blue to 606 nm with an
increase in PLQY from 8.2% to 25.4% after alkali treatment.
subtle changes in reaction parameters of
hydrothermal/solvothermal methods (such as temperature,
time, precursor ratio, pH value, etc.) can significantly affect the
growth process of CDs, influencing the predictability of mate-
rial design and reproducibility of the synthesis.

However,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Another popular bottom-up strategy to synthesize CDs is the
small-molecule-precursor pyrolysis method, in which CDs can
be obtained from precursors that undergo decomposition and
carbonization at high temperatures. Inspired by the hot injec-
tion method, a traditional approach for preparing semi-
conductor quantum dots and nanocrystals, Wang et al
synthesized CDs by pyrolyzing CA in the hot noncoordinating
solvent octadecene (ODE) mixed with 1-hexadecylamine (HDA)
or polyethylene glycol (PEG;500n) at 300 °C. They found that the
emissive peak and hydrophilicity/hydrophobicity of CDs can be
simplistically adjusted by manipulating the reaction time and
surface passivation agent, respectively.®® Furthermore, CDs
were generated directly through the pyrolysis of a solvent-free
precursor solution. J. Krysmann et al. employed a mixture of
CA and ethanolamine (EA) at a molar ratio of 1: 3, which was
refluxed in air at different temperatures, to systematically
investigate the formation mechanism of CDs.** Molecular
fluorophores with high PLQY were formed at low temperatures.
As the temperature increased, the formation of the carbogenic
core ensued, accompanied by the loss of molecular fluoro-
phores. Eventually, the PL may predominantly and even exclu-
sively arise from the carbogenic core at high temperatures. In
other cases, Rong et al. developed a one-pot solid-phase pyrol-
ysis method, which involved directly heating guanidinium
chloride and CA in a round-bottom flask at 225 °C to prepare N-
doped CDs with a PLQY of 19.2%. These CDs exhibited good
stability and functioned as fluorescence probes to detect the
Fe®" in aqueous solution.*® Furthermore, it is worth noting that
immobilizing the precursor into a suitable template, such as
porous materials, has been recognized as an effective approach
to inhibit the aggregation of products and the generation of by-
products during the pyrolysis process for obtaining homoge-
neous CDs.*”” Gu et al. calcined and carbonized the glucose
loaded into the pores of well-defined metal-organic frameworks
(MOFs) at 200 °C in a nitrogen atmosphere for 2 h. Then they
produced an array of uniform CDs that contained the intact
MOFs. In addition, the size of resulting CDs can be precisely
tuned by adjusting the pore sizes of MOFs (Fig. 3d).**

Hydrothermal/solvothermal and small-molecule-precursor
pyrolysis methods are recognized as optimal strategies for the
synthesis of CDs due to their facile manipulation and func-
tionalization. However, these methods suffer from time and
energy-consuming issues. To avoid these problems, microwave-
assisted methods have been introduced as a facile, rapid, and
economic strategy for synthesizing CDs. Unlike conventional
heating methods, in which the energy is delivered to the surface
of the material via radiant and/or convection heating and
transferred to the material's bulk via conduction, the energy of
microwave-assisted methods absorbed by carbon material is
transformed by dielectric heating. This process provides
homogeneous and fast heating, resulting in fast preparation of
high-quality CDs.** Samah et al. prepared blue-fluorescence
nitrogen/sulfur co-doped carbon dots (N, S-CDs) with narrow
size distribution and good hydrophilicity using microwave-
assisted pyrolysis of CA and thiosemicarbazide in a microwave
oven within 60 s. The production yield was about 64.38 wt%.
Because the fluorescence of CDs was merely quenched by Cu®*

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

and restored by complexation of Cu** with etidronate disodium
(ETD),”” these CDs were validated as selective and rapid turn-off-
on fluorescent probes for both copper (Cu®") and ETD. Yang
et al. synthesized yellow-emitting CDs with a PLQY of 62.8% by
using resorcinol and o-phenylenediamine as precursors under
microwave radiation heated at 180 °C. CDs were incorporated
into polyvinyl alcohol (PVA) to form the CDs/PVA film, which
presented excellent water-induced shape recovery behavior and
responsiveness tuned by changing the environment.”® More-
over, Wang et al. successfully prepared self-quenching-resistant
solid-state fluorescence-emitting CDs with a high absolute
PLQY of 51.7% via the one-step microwave-assisted method
using citric acid as the carbon source and cyclohexanediamine
as the passivant. The cyclohexanediamine can introduce steric
hindrance to the surface of the CDs, thus weakening the -7
interaction in a state of aggregation and overcoming the
aggregation-induced fluorescence quenching (Fig. 3e).*
Besides, natural renewable sources have also been selected as
a carbon source to synthesize CDs.*® Plant-derived biomass,
animal-derived biomass, and even waste like food/kitchen
waste, agricultural residues, and municipal solid waste have
been confirmed as ideal raw materials for the synthesis of
CDs.”

3. Fluorescence mechanism of CDs

CDs display excellent fluorescence emission properties. Eluci-
dating the PL mechanism of CDs is crucial for precisely regu-
lating their optical properties, realizing their applications in
various fields, especially in agriculture. PL has two basic forms:
fluorescence and phosphorescence, and its underlying mecha-
nism can be clearly described using a Jablonski diagram.
Investigations into the CDs' PL mechanism have indicated that
PL results from the interplay of multiple factors. Researchers
identified three fluorescence mechanisms: size-dependent
emission (determined by the carbon core),*® surface defect
state emission (determined by the carbon backbone and
attached chemical groups),*”> and molecular state emission
(determined by fluorescent molecules on the surface or interior
of CDs).”? Different interpretations of the photoluminescence
properties of CDs are likely due to differences in the raw
materials or precursors, or different synthesis strategies. A
comprehensive understanding of the individual contributions
from the carbon core size, surface functional groups, and
molecular fluorophores can be achieved through systematic
analysis of excitation-dependent emission behavior, fluores-
cence lifetime decay, and post-synthesis treatments such as
chemical etching and surface passivation. Correlating these
findings with spectroscopic data from Raman, XPS, and FTIR
techniques provides further mechanistic insights (Table 1),
thereby effectively bridging fundamental mechanistic studies
with practical agricultural application requirements.

3.1 Carbon core state

Carbon core state, also known as the quantum confinement
effect or size effect, refers to fluorescence resulting from m-m*
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electron transition at a higher energy level. The “size” in “size
effect” is the isolated sp> (graphene) subdomain, known as the
effective conjugation length, rather than the actual size of
CDs.” For CDs, if the conjugated sp> domain size decreases, the
electron's confinement is heightened, resulting in a widened
energy bandgap. Consequently, the CDs would emit higher-
energy, shorter-wavelength light, thus establishing a direct,
size-dependent tuning of the emission color. This model is
suitable to explain the PL of GQDs, g-CNQDs, and CQDs that
possess well-defined crystalline structures and a high degree of
graphitization (Fig. 4a). Li et al. adopted an electrolysis graphite
rod in an alkaline medium to synthesize CDs with different
sizes.” Using silica-gel column chromatography to separate as-
synthesized CDs with various diameters, they obtained four
typical-sized CDs with the same crystalline structure. The
results revealed the relationship between size and emission
wavelength: small GQDs (1.2 nm) give UV light emission (about
350 nm), medium-sized CDs (1.5-3 nm) give visible light
emission (400-700 nm), and large CDs (3.8 nm, center) give
near-infrared emission (about 800 nm). There is no obvious
change in the size-dependent PL or graphite fragment structure
of CDs after being treated with hydrogen plasma to remove
most of the oxygen-containing functional groups. This result
confirms that the emission of CDs originates from the
quantum-sized effect rather than from the carbon-oxygen
surface. Nevertheless, density-functional theory (DFT) calcula-
tions revealed that the GQDs with a pure and complete sp*
carbon crystalline structure emitted fluorescence from deep UV
to near-infrared as their size varies from 0.46 to 2.31 nm.”® The
combined theoretical and experimental analysis by Nikita V.
et al. establishes that photoluminescence in CDs emanates
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from spatially localized surface domains of partially sp
hybridized carbon embedded within an sp*-hybridized amor-
phous matrix. These domains constitute the “carbon-core
states”, whose electronic structure is governed solely by the
sp>-hybridization fraction 5. The statistical distribution of 7
across the ensemble dictates: (1) inhomogeneous spectral
broadening in both absorption and emission; (2) a pronounced
Stokes shift originating from excited-state charge redistribution
and concomitant lattice relaxation within individual domains;
and (3) excitation-wavelength-dependent PL maxima arising
from preferential excitation of sub-populations with differing
n.”7 Subsequently, guided by these theoretical predictions,
Wang et al. selected CA which contains an sp® hybridized
structure, and o-phenylenediamine (oPD), which contains an
sp> hybridized structure, as the precursor in the synthesis to
hydrothermally prepare CDs with multicolor emission covered
the whole visible spectrum. The spectral position of the CDs’
emission could be tuned by adjusting the ratio of sp> and sp®
hybridized domains.” In detail, when NaBH, and NaOH were
added to reduce the functional group on the surface of CDs, the
emission peak position remained unchanged. But the PL
emission was red-shifted with an increase in the size and extent
of sp® hybridization.

3.2 Surface state

During the synthesis of CDs, defects such as oxygen and
nitrogen-containing functional groups, as well as other
heteroatoms, may inevitably arise on the surface of sp>
domains. Therefore, it is possible to modulate the emission
sites of CDs by changing the surface functional groups, which in
turn adjust the electron structure and energy level (Fig. 4b).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Xiong et al. employed silica column chromatography to separate
urea and p-phenylethylamine, obtaining full-color CDs with
excitation-independent PL emission.” Structural and chemical
characterization revealed that CDs with different emission
wavelengths exhibited similar distributions of particle size and
graphite structure in carbon cores. However, the degree of
oxidation on their surfaces varied, resulting in red-shifted
emission peaks. This shift was attributed to a reduction in the
energy band gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), as the content of oxygen atoms on the surface of the
carbon core increased. This process ultimately determines the
colors of their PL. On the other hand, doping can also cause
a shift in the energy levels or band gaps of the CDs, leading to
the formation of various emission centers and traps. This
modification allows for the tuning of emission spectra, thereby
enhancing the diversity of fluorescence emissions compared to
their original state.** However, dopants usually exist only on the
surface of CDs, which means that the doped CDs' emission
spectrum largely depends on the competition among the optical
centers, the surface traps, and the surface state.® It is well
established that nitrogen doping reduces the band gaps and
emission energy in CDs. Doping N in the carbon structure can
produce positively charged carbon atoms, as N possesses
a higher electronegativity (3.04) than C (2.55). Furthermore, N
doping stabilizes the surface defects and increases the fluores-
cence emission of CDs.*” Atchudan et al. reported that nitrogen-
doped CDs derived from dwarf banana peel and aqueous
ammonia using the hydrothermal method exhibited
wavelength-dependent emission characteristics.** Their study
revealed that fluorescence intensity increased as the excitation
wavelength changed from 290 nm to 345 nm, followed by
a decrease as the excitation wavelength changed from 345 nm to
460 nm. This phenomenon was attributed to the different
energy levels of surface traps caused by the diversity of surface
functionalities.

3.3 Molecule state

The molecular emission mechanism of CDs refers to the
formation of fluorescence centers composed of organic chro-
mophores in the process of CD synthesis. These chromophores
are capable of direct fluorescence emission and are usually
connected to the surface or interior of the carbon skeleton. The
CDs with the molecular state as the luminous center have
a strong fluorescence emission characteristic, often with a high
brightness and short emission wavelength (Fig. 4c).” Research
indicates that the reaction between the citric acid and amine
precursor initially generates citrazinic acid and its derivatives as
fluorophores. As the reaction continues, the polymerization and
carbonization effects take place to utilize the fluorophores as
the seeds for the growth of aromatic crystals.** Sara et al
prepared novel chromophore-doped CDs by hydrothermal
treatment of glucose and 3-nitroaniline in the presence of high
concentrations of sulfuric acid. These CDs had completely
distinct pH-dependent emission colors of blue, red, and yellow,
under acidic, neutral, and alkaline conditions, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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They proved that chromophores in CD structures add new
electronic transition pathways to modulate the HOMO-LUMO
energy levels, reduce the electronic bandgap, and shift the
absorption and emission spectra to longer wavelength
regions.® Furthermore, CDs prepared with citric acid and urea
by the microwave-assisted method also elucidated the molec-
ular basis of the fluorescence mechanism, clarifying the
chemical structure of the formed fluorescent compound.®

4. Application of CDs in agriculture

4.1 Improving photosynthesis in plants

Photosynthesis, the most fundamental biochemical process for
sustaining life on Earth, maintains global carbon and oxygen
cycles.?” As illustrated in Fig. 5a, this process comprises light-
dependent reactions and the Calvin-Benson cycle (formerly
termed dark reactions). The light-dependent phase involves: (1)
primary reactions converting light energy to electrical energy
through photosynthetic electron transport on chloroplast
thylakoid membranes, and (2) photophosphorylation gener-
ating energy carriers adenosine triphosphate (ATP) and nico-
tinamide adenine dinucleotide phosphate (NADPH). The
Calvin-Benson cycle fixes atmospheric CO, into organic mole-
cules via enzymatic reactions in the chloroplast stroma.*® The
potential efficiency at each step of photosynthesis indicates
that, at 30.8 °C and with a CO, concentration of 380 ppm, the
maximum light-to-biomass conversion efficiency is 4.6% for C;
photosynthesis and 6% for C, photosynthesis.** Current studies
indicate that while historical yield gains relied minimally on
photosynthetic improvements, future productivity increases
will require enhanced photosynthetic efficiency.? For instance,
engineered metabolic pathways have boosted yields by 11-40%
in tobacco and rice,”*> and gene editing of photoprotective
components has increased the efficiency by 8-10%.%%°*
However, these biological approaches are complex, species-
specific and costly. In contrast, CDs, with their small nano
size, tunable fluorescence via synthesis parameter control,
selective UV absorption, modifiable surface functional groups,
and low cost, offer a promising alternative to overcome these
bottlenecks.”>*” They can serve as novel photosynthesis regu-
lators, providing new pathways for green and sustainable agri-
culture (Table 2).

4.1.1 Light reaction. The light reactions commence with
photon capture by chlorophyll a/b and carotenoid antenna
complexes, where resonance energy transfer directs excitons to
reaction center pheophytin molecules for charge separation.®®
Chlorophyll's conjugated porphyrin ring structure restricts
absorption to two spectral regions: 640-660 nm (red) and 430-
450 nm (blue-violet).” Expanding absorption into underutilized
UV ranges or improving visible light utilization represents
viable efficiency-boosting strategies. Studies demonstrate that
CD-photosynthetic pigment (PP) conjugates exhibit enhanced
680-720 nm emissions (characteristic of PSI/PSII chlorophyll)
under 350-400 nm excitation compared to isolated PPs, con-
firming that energy can be transferred from CDs to PPs.'*®
Remarkably, in vivo experiments with Nicotiana tabacum
showed 18% increased photosynthetic rates following intra-leaf
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(a) Schematic representation of photosynthetic light reactions and auxiliary electron transport pathways. Reproduced from ref. 88 with

permission from Elsevier, copyright 2025. (b) With the help of UV-to-blue light conversion nanomaterial, the photosynthetic rate of the leaf was
improved by 18%. Reproduced from ref. 101 with permission from Elsevier, copyright 2018. (c) The prepared CDs have strong fluorescence in
ethanol. Reproduced from ref. 106 with permission from Elsevier, copyright 2018. (d) Photosynthetic activity enhanced by CDs and N-CDs.
Reproduced from ref. 114 with permission from Wiley, copyright 2021.

injection of NH>~ functionalized CDs acting as UV-to-blue
converters, particularly under supplemental UV illumination
(Fig. 5b). To address chloroplasts’ limited short-wavelength
utilization, researchers developed near-infrared (NIR) and far-
infrared (FIR) emitting CDs activated by UV light."***** Note
that both blue and red light play key roles in determining leaf

126 | RSC Sustainability, 2026, 4, 118-141

photosynthesis, and the plant cultivated in the monochromatic
red or blue light will suffer a spectral “deficiency” syndrome,
which can be reversed by a combination of blue and red light
used as a light source.'*'* Capitalizing on this, Li et al. engi-
neered dual-emission chloroplast-matched blue/red CDs
(Fig. 5¢). These CDs enhanced hybrid photosystem performance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Research progress of CDs in agriculture
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Yield and
sustainability
Precursor Mode of application Exposure time Linear range Effect and function assessment Ref.
Citric acid monohydrate, urea, QD-PP hybrid 24 h — Enhance Green precursors; 100
citric acid, boric acid system for the study chlorophyll non-toxic; highly
of fluorescence fluorescence upon  biocompatible; low
energy transfer 360-420 nm energy footprint
excitation (microwave heating
for 7-12 min)
Glc, CA, EDA, PEI, BLG Nicotiana tabacum 2 hours to 2 days — Enhance Low-cost precursor; 101
photosynthetic rate the synthetic
by 18% under method is energy-
additional UV efficient
irradiation
Phellodendron chinense The chloroplast Spinach: 10 min, 0-10 pg mL~' (in  ATP production Low-cost natural 106
Schneid surface of spinach  romaine lettuce: 3  vitro) and 0-9 pg increased by 2.8 precursor
and the roots of days in CD- mL " (in vivo) times, electron
romaine lettuce containing nutrient transport rate
plants solution increased by up to
25% in living lettuce
leaves
CA, melamine, Foliar spray Seedling stage: 7 — The corn yield Biocompatible, 114

ethylenediaminetetraacetic
acid (EDTA)

CDs/CaAlSiN;:Eu**-silica
powder

Anhydrous citric acid,
formamide, meso-AlOx

Papaya seeds, H;PO,,
CDs@LCAO:Eu®" NCs

Dopamine hydrochloride, OPD

NaYF,:Yb, Tm@NaYF,, PAA,

EDA

Plant growth
lighting

Agricultural
sunlight conversion
films (for plant
photosynthesis)

Optical
thermometry indoor
plant growth
lighting

Agricultural
sunlight conversion
film

Cover the film over
the plant or
chloroplast samples

days of spraying, full
life-cycle: sprayed
for 5 days at day 50
and 70

21-day plant

UV stability test: 300
minutes, plant
growth period: 55
days, LED
operation: 16 hours
per day

Film stability test: 3
days (under
sunlight), plant
growth experiment:
12 days

In vitro: 5-9 minutes
under 10 mW cm 2,
in vivo: 1 hour under
natural light + UV

(0.57 mW cm?)

© 2026 The Author(s). Published by the Royal Society of Chemistry

Temperature
sensing: 300-480 K,
CDs loading: 2-

8 wt%

increased by
24.50%, and the
1000 grain weight
increased by 15.03%

Good growth
performance in
lettuce and
chrysanthemum

Conversion of UV
light to blue/red
light. High thermal
stability (up to 800 °©
)

The plant height,
stem thickness, leaf
width and
chlorophyll
increased by 6.17%,
21.42%, 10.65% and
19.5% respectively
Increase fresh
weight by 10.4%, dry
weight by 13.9%,
and chlorophyll

a content by 7.1% in
mung bean sprouts
Enhanced
photosynthesis by
~12% in Arabidopsis
thaliana
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chemically inert,
and non-toxic, foliar
application reduces
environmental
impact compared to
soil application
Non-toxic and
biocompatible; good
thermal stability (up
to 250 °C); simple,
low-cost, and
energy-efficient
preparation method
Green precursor;
non-toxic,
renewable,
environmentally
friendly
Eco-friendly; low-
toxicity precursors;
enhanced efficiency
reduces energy
consumption in
lighting and
agriculture

The yield of RCDs is 133
approximately 29%;
biodegradable and
environmentally
friendly

168

129

169

The QY for the up- 134
conversion
luminescence is

0.09% and that for

the total

luminescence is

7.3%; film-based
application avoids

direct incorporation
into plant tissue
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Table 2 (Contd.)

Yield and

sustainability
Precursor Mode of application Exposure time Linear range Effect and function assessment Ref.
Potato pulp, potassium Aqueous solution 15 minutes for Fluorometric: 0.01- Selective detection The synthetic yield 138

KMnO,, HQ, C,H5CIOS detection of Hg>" in solution-phase
natural water detection, 2 hours
for solid-phase

detection

Glycine, AgNO;, NaBH, Detection of sulfite/ —

bisulfite (SO5>~/

HSO;7) in

agricultural

products

Detection of

tetracyclines (TCs)

in aquaculture water

and rat serum

samples

Detection of —

melamine in dairy

products (milk and

milk powder)

Biological imaging Zebrafish: 6-72
hours, bacteria: 8
hours, plants: 2 days

Sanghuangporus lonicericola Immediate response

Corn cob

CA, ascorbic acid, EDA, HCI

in vitro and boosted romaine lettuce photosynthesis in vivo.'*®

However, the aggregation in vascular tissues often causes fluo-
rescence quenching of CDs. To circumvent this, Xiao et al.
prepared aggregation-induced emission carbon dots (CDs-AIE)
and verified that these CDs-AIE enabled chloroplasts to
harvest UV light via green/red emission, expanding the opera-
tional light spectrum.*”**®

Electrons extracted from water are transported from the PSII
donor side and PSI acceptor via three types of transmembrane
complexes: the cytochrome b¢f (cyt bef), membrane-soluble
plastoquinone (PQ) acting as a proton pump, and a copper-
containing protein named plastocyanin (PC). In brief, cyt bgf
takes electrons from PQ to PC and passes them to an electron
acceptor soluble in the lumenal space, which in turn reduces
PSI, the PSI chlorophyll that gets stably oxidized after charge
separation.!® The ultimate electron acceptor is NADP' in the
linear electron transport of plants, and the proton gradient
across the thylakoid membrane of the chloroplast drives the
synthesis of ATP. The manipulation of photosynthetic electron
transport by CDs is possible to increase the rate of photosyn-
thesis and stimulate plant growth."™® Chandra et al. proposed
that photosynthesis can be augmented by electrons transported

128 | RSC Sustainability, 2026, 4, 118-141

0.1 puM,
colorimetric: 1-10
uM

20-200 pM

of Hg*"

of HQTC is 91%;
100 mg of carbon
dots is
approximately 40
Indian rupees;
biomass-derived
CDs; components
are stable for
months

Highly sensitive and Synthesis is simple; 142

selective detection
of SO;>7/HSO;~

low cost; non-toxic;
stable

OXY: 0.6-73.3 uM =~ — Green, sustainable, 144
DOX: 0-95.2 uM and
TCY: 6.5-72.3 uM environmentally
MNO: 10-52.6 pM friendly
H,0,: 1.67- — Low-cost, eco- 145
16.67 mmol L™, friendly, green
melamine: 1-20 synthesis
pmol L™*
— High — 146
biocompatibility,
effective

fluorescence uptake
in bacterial and
plant cells

from amine-functionalized CD-donor to the chloroplast-
acceptor in vitro.'™ The excess electrons originally from
photons absorbed by CDs conjugated with chloroplasts were
directly transferred to the whole linear photosynthetic electron
transport chain. This increased the rate of oxygen evolution,
NADP" reduction, and ATP formation, while accelerating the
conversion of light energy. Light quantum absorption, charge
separation, and electron transfer are conducted by two protein
complexes embedded in thylakoid membranes: PSII and PSI.
PSII, composed of a light-harvesting pigment protein complex
(LHC), reaction center, and oxygen-evolving complex (OEC), is
a key element in oxygenic phototrophs.'*? In brief, PSII absor-
bed and transferred the excitation energy of photons through
photosynthetic pigments as well as charge separation products,
enabling electron transport in the reaction center along with
extracted electrons from H,O to generate O, with the aid of
OEC." Wang et al. synthesized nitrogen-doped CDs (N-CDs)
and confirmed that N-CDs supply electrons to the decomposi-
tion of water in the PSII reaction center and accelerate the
electron transfer rate in PSII, therefore enhancing the net
photosynthetic rate of corn in vivo (Fig. 5d)."** Xiao et al. also
suggested that CD-AIE augmented the photosynthetic efficiency

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the chloroplast by accelerating the electron transport rate in
the PSIL.**® The fundamental mechanism of the function of PSI
was similar to PSII. In PSI, the electron is transferred from the
primary electron donor P700" (excited state of LHC) to
a terminal electron acceptor formed by the special iron-sulfur
(Fe-S) cluster located on the stroma, which ultimately donates
an electron to the natural electron acceptor, ferredoxin via an
internal cofactor."** Notably, Wang et al. identified selective CD
binding to PSI Fe-S clusters (absent in PSII), facilitating elec-
tron tunneling through noncovalent interactions. This speci-
ficity suggests that CDs preferentially optimize late-stage
photosynthetic electron transfer processes.**

In short, CDs have emerged as a promising tool for
enhancing the light reactions of photosynthesis by expanding
the spectral absorption range of chlorophyll and optimizing
electron transport efficiency. Through their unique photo-
conversion properties, CDs enable plants to utilize underused
UV and farred wavelengths, transferring energy to PSI/PSII
while functionalized CDs (e.g., amine-modified or N-doped)
directly participate in electron transfer, accelerating water
splitting, NADP" reduction, and ATP synthesis. However, the
full potential of photosynthetic enhancement depends not only
on light reactions but also on the subsequent dark reactions,
where the ATP and NADPH generated are utilized for CO,
fixation.

4.1.2 Dark reaction. Plants employ three distinct pathways
for CO, fixation during photosynthesis: the Calvin cycle (C3
pathway), the C4-dicarboxylic acid pathway (C4 pathway), and
crassulacean acid metabolism (CAM pathway).""” Nevertheless,
most of the global CO, fixation occurs through the C3 pathway,
primarily mediated by ribulose 1,5-bisphosphate carboxylase-
oxygenase (rubisco).’*® Despite its essential function, the effi-
ciency of rubisco is compromised by its low turnover rate and
promiscuous dual reactivity, which catalyzes both the carbox-
ylation and oxygenation of ribulose 1,5-bisphosphate (RuBP).
The carboxylation reaction generates two molecules of 3-phos-
phoglycerate (3-PGA), while oxygenation produces molecules of
3-PGA and 2-phosphoglycolate (2-PG), the latter requiring
energy-intensive salvage pathways (photorespiration) that result
in net CO, loss.™® Recent advances demonstrate CDs' potential
for enhancing the photosynthetic efficiency. Li et al. reported
a one-step electrochemical synthesis of CDs at room tempera-
ture, using CDs as both working and counter electrodes and
ultrapure water as the electrolyte. Using Arabidopsis thaliana
and Trifolium repens L. as model systems, they demonstrated
that CDs enhanced rubisco's activity, thereby accelerating
carbon assimilation. The CDs were shown to undergo horse-
radish peroxidase-mediated degradation to yield plant hormone
analogs or CO,, which supported the carbon reaction. Addi-
tionally, CDs delivered water and essential trace elements (K",
Ca*, Mg**, cu®', Zn*", Mn®>', Fe’") through non-covalent
interactions with surface oxygen-containing functional groups
(-OH, -COOH), collectively promoting plant growth.*> Comple-
mentary research by Zhang et al. demonstrated chirality-
dependent effects using i/p-cysteine-derived CDs. At an
optimal concentration, mung bean plants exhibited 20.5% (r-
CDs) and 67.5% (p-CDs) increases in rubisco activity, correlating

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with  18-39% accumulation enhancement
compared to controls.

To elucidate the molecular mechanisms underlying CD-
enhanced photosynthesis, it is necessary to assess the
photosynthesis-related gene expression patterns through
transcriptomic analysis. Wang et al. suggested that the expres-
sion levels of PsbP, Psi-K,PsbS1, PsbY, PsbQ1, PshQ2, and PshO
genes, which are related to photosynthesis and chloroplast
synthesis, incubated N. benthamiana with NIR-CDs were
increased 48-fold, 32-fold, 148.3%, 246.7%, 90.3%, 98.4%, and
294.4% respectively, as compared to the control treated with
equivalent ultrapure water.'® Li et al. synthesized nitrogen and
magnesium co-doped carbon dots (Mg, N-CDs) through a one-
step hydrothermal method. Exposure of rice seedlings to 300
ng per mL Mg, N-CD solution induced significant upregulation
of key chlorophyll metabolism genes: Mg-dechelatase subunits
(ChlI and ChID) increased by 93.55% and 15.26%, respectively,
while chlorophyll synthase (ChlG) and chlorophyllase-2
demonstrated 115.02% and 29.75% elevation in expression
levels. These findings demonstrate that Mg, N-CDs treatment
enhances chlorophyll biosynthesis and metabolic activity in rice
by modulating the transcriptional regulation of chlorophyll-
related enzymes, ultimately leading to improved chlorophyll
bioactivity and accumulation.” Kou et al. demonstrated that
tomato seedlings exposed to 0.066 mg per mL CDs exhibited
marked upregulation of aquaporin-associated genes in root
tissues, with expression levels of Slagp2, SIPIP2;5, and SITIP2;1
increasing by 3.2-, 2.8-, and 4.1-fold, respectively. This tran-
scriptional activation was correlated with enhanced absorption
efficiency of water and essential elements (Ca>*, Mg”>*, Mn*"),
subsequently leading to a 38.7% elevation in leaf chlorophyll
content compared with untreated controls. It is proposed that
CD-mediated aquaporin regulation may orchestrate nutrient-
water dynamics, thereby optimizing chlorophyll biosynthesis
in solanaceous crops.'*

carbohydrate

120

4.2 Light conversion film and LEDs in controlled-
environmental agriculture

Vertical farming operates within a controlled environment,
enabling year-round food production independent of seasonal
or external climatic constraints. This system demonstrates
significant potential to sustainably yield high-quality agricul-
tural products by minimizing pesticide and synthetic fertilizer
inputs, while concurrently reducing land occupancy and water
consumption. Consequently, it emerges as a strategic solution
to critical global challenges, including the imbalance between
population growth and arable land depletion, as well as food
scarcity.>*** LEDs are extensively regarded as an alternative to
traditional light sources in vertical farming due to the advan-
tage of low energy consumption, high efficiency, narrow spec-
trum accurately matched with photoreceptors, and protection
against pathogen challenge.'”'*® CDs, as a new environment-
friendly, cost-effective, and tunable-fluorescence material, are
promising alternatives for expensive rare-earth phosphors and
toxic metal-based semiconductor quantum dots.” Wang et al.
constructed LEDs by assembling dual-emitting core-shell CDs
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(blue-emitting) and a CaAlSiN;:Eu*" (red-emitting) phosphor
into UV-LED chips. When used as an artificial light source for
indoor planting, these novel LEDs significantly promoted the
growth of lettuce and garland chrysanthemum compared to
commercial white LED lamps. This superior performance is
attributed to the LED's electroluminescence spectrum, which
features two prominent emission bands (470 nm and 612 nm).
These bands accurately match the wavelengths most efficiently
utilized for photosynthesis, thereby resulting in improved
chlorophyll content and enhanced photosynthetic efficiency.'*®
Besides, He et al. prepared double CD-based fluorescent mate-
rials with dual characteristic peaks at 420 nm and 630 nm,
accomplished by assembly with blue- and red-emitted CDs into
mesoporous alumina and demonstrated that WLEDs fabricated
by encapsulation of CD-based fluorescent materials and UV-
LED chip were a suitable artificial light source for indoor
agriculture."

Beyond the controlled environments of vertical farming, CDs
also show great promise in enhancing natural sunlight utiliza-
tion for protected agriculture in greenhouses. A key technology
in this area is the agricultural light conversion film, composed
of a light conversion agent and matrix, which is a potential
functional material to improve the utilization rate of solar
energy and, in turn, increase the yield of crops.”* The tradi-
tional conversion agents, including fluorescent dyes, organic
rare-earth complexes, and inorganic rare-earth complexes, are
featured by high cost, poor light stability, and low biocompat-
ibility, limiting their practical agricultural application.”** You
et al. innovatively synthesized transparent, homogeneous, eco-
friendly light conversion film by dispersing CDs into carbox-
ymethyl cellulose aqueous solution, converting UV light to blue
light that could be absorbed by photosynthetic pigments.**> The
antioxidative light conversion film prepared by Li et al. was
fabricated with red emissive carbon dots (RCDs) of high
quantum yield (78.3% in N,N-dimethylformamide). These RCDs
can absorb UV and yellowish green light to emit red light (550-
800 nm) and exhibit up-conversion luminescence properties.

200°C 8h

=
¢

UCNPs@PAA

Solar light

Chloroplast

2H,0 O,+4H"

Enhance Photosynthesis

Fig. 6 Illustration of strategy for augmenting natural photosynthesis
using light-harvesting films with photo up- and down-conversion
properties. Reproduced from ref. 134 with permission from RSC,
copyright 2021.
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Ascorbic acid was added as an antioxidant to inhibit the fluo-
rescence quenching caused by oxidative damage to the RCDs'
surface. This technology increased the fresh weight, dry weight,
and chlorophyll a content of mung bean sprouts by 10.4%,
13.9%, and 7.1%, respectively.'*® Jiang et al. developed a novel
photoconversion film by assembling down-conversion CDs and
up-conversion nanoparticles (NaYF,:Yb, Tm@NaYF,) to make
carboxymethylcellulose (CMC), as shown in Fig. 6. The film has
excellent optical transparency in the visible region and strong
absorption in the ultraviolet and near-infrared regions.
Compared with the control group without the composite
membrane, the potential maximum photochemical efficiency of
the photosystem II was increased by about 12% compared with
that of Arabidopsis plants exposed to natural light. This fully
demonstrates the effectiveness of CD light-harvesting film in
enhancing photosynthesis in agriculture.***

4.3 Nanosensors for agriculture

The inherent fluorescence properties, biocompatibility, and
easy functionalization of CDs set the tone for the preparation of
novel probes or sensors, which can then be used to detect the
residues of metals, antibiotics, plant hormones, and other
substances in agricultural production.****%”

Thakuri et al. reported a reaction-driven sensing assembly
based on CDs, MnO, nanosheets, and hydroquinone mono-
thiocarbonate (HQTC) for the detection of Hg>" ionic contami-
nation. As shown in Fig. 7a, utilizing the lipophilicity of Hg>",
the HQTC was induced by mercury ions to be converted to
hydroquinone (HQ). HQ, as a reducing agent, reacts with MnO,
nanosheets to decompose them, and the originally quenched
CDs are re-exposed and release their intrinsic blue fluorescence,
thus achieving the purpose of detecting Hg?".*** Du et al.
demonstrated the development of CD-based nanosensors
synthesized from agricultural crop straw as carbon precursors.
The surface-engineered CDs possess abundant carboxyl (-
COOH) and amino (-NH,) functional groups that enable effec-
tive coordination with Fe** ions through chelation interactions.
This specific coordination induces fluorescence quenching,
which  exhibits concentration-dependent characteristics
proportional to Fe** levels.”® Gao et al. synthesized a novel
fluorescent complex (CDs@ZIF-L) as an effective fluorescent
probe for the selective detection of Fe** in fruit samples by
encapsulating CDs into zeolitic imidazolate frameworks (ZIFs)
with a two-dimensional leaf-like structure. Unlike the amor-
phous CDs reported by Du, the two-dimensional leaf-shaped
nanosheet (ZIF-L) not only maintained the structural integrity
but also possessed a permeable pore structure, which can
enhance the detection sensitivity through the strong adsorption
capacity of this metal-organic framework. The fluorescence of
CDs@ZIF-L was efficiently quenched in the presence of Fe*" at
the excitation wavelength of 350 nm, enabling the detection of
Fe®* in real samples and showing great potential for agricultural
pollutant control.™®

Beyond detecting metals, CD-based nanosensors are equally
effective for monitoring a wide range of other agricultural
contaminants. Sulfites and bisulfites (SO;>~ and HSO;"),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(@) A reaction-driven sensing assembly based on CDs, MnO, nanosheets, and hydroquinone monothiocarbonate (HQTC) for the

detection of Hg?* ions. Reproduced from ref. 138 with permission from Elsevier, copyright 2024. (b) Schematic diagram of the sensing platform
for detecting Cu?* within plants and the environment. R-CDs and Cu?" can be translocated into the plant systems via the symplast pathway,
which induces fluorescence quenching of R-CDs upon interaction. The residual Cu?* in the environment can also be detected using R-CDs.
Reproduced from ref. 147 with permission from Elsevier, copyright 2023.

introduced in food production and storage, are widely used as
bleaching agents and preservatives due to their ability to
prevent oxidation, inhibit bacterial growth, and suppress
enzymatic reactions. However, excessive levels of these
compounds can have adverse effects on human health.*** He
et al. developed a novel sensitive fluorescent probe (CDs-AgNPs/
H,0,) for SO;>~ and HSO;~ based on the internal filtration
effect (IFE) between silver nanoparticles (AgNPs) and CDs. The
fluorescence of CDs is quenched by AgNPs due to the IFE effect,
but H,0, weakens the IFE and restores the fluorescence due to
the oxidation of AgNPs by H,0,. The presence of SO /HSO;~
quenches the fluorescence again due to the redox reaction
between SO,> /HSO,;~ and H,0,, and the combination of IFE,
and the redox reaction can improve the sensitivity and selec-
tivity of the assay.'*” The widespread application of antibiotics
across agricultural sectors, including animal husbandry, crop
cultivation, and aquaculture, leads to environmental contami-
nation and poses considerable public health risks. Sensitive
and timely detection of antibiotics in various agricultural

© 2026 The Author(s). Published by the Royal Society of Chemistry

environments is therefore critically important for mitigating
these risks.'*® Wang et al. synthesized a new type of nitrogen-
doped carbon dots (N-CDs) derived from Morus alba by
a hydrothermal method. The N-CDs exhibit bright blue fluo-
rescence, a high quantum yield of 60.99%, and excellent pho-
tostability, and are used as fluorescent probes for selective
detection of tetracyclines (TCs), including oxytetracycline,
doxycycline, and minocycline.”* In addition, Zheng et al
successfully prepared biomass-derived CDs by an ionic liquid
hydrothermal method using agricultural waste corn cobs as
a carbon source and combined them with AgNPs to construct
fluorescent probe CDs@IL-AgNPs for direct detection of H,0,
and indirect sensitive detection of melamine, which provides
valuable new ideas for the detection of melamine in dairy
products and low-carbon and environmentally friendly treat-
ment of agricultural wastes."*

Leveraging their biocompatibility, CDs also enable real-time
sensing and imaging within living plants. Ghosh et al. synthe-
sized CDs by reacting citric acid and ascorbic acid with
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ethylenediamine at 140 °C. This single-step, low-temperature
synthesis retained their structural and optical properties while
minimizing energy consumption, and the successful conduc-
tion and fluorescence emission within lettuce plants demon-
strated the potential of CDs as a probe for the in vivo
visualization of plant tissues.**® On this basis, Lin et al. explored
the conduction and real-time detection of divalent copper in
plants. CDs were used as optical probes to synthesize Cu*'-
sensitive R-CDs, which were taken up by plants from roots and
transported along the plant vasculature system, and the fluo-
rescence bursts were captured by dynamic imaging of electronic
devices and processed by built-in algorithmic programs to
achieve the real time visualization of the distribution and
intensity of Cu®" recorded inside the plant (Fig. 7b). With R-CDs
exhibiting a detection limit of 0.375 nM for Cu®*' in water
samples, the sensing platform can visually observe and accu-
rately detect 11.7 mg kg~ * or less of Cu®* in plants, and is also
suitable for sensing Cu®* in the surrounding environment to
determine whether heavy metal contamination is present in the
vicinity of plants.**” Beyond these, CD nanosensors can also be
used to detect plant hormones. For instance, as one important
plant hormone, indole-3-acetic acid (IAA) plays a key role in
promoting cell elongation/division and driving overall plant
growth and development. Raval et al. synthesized green CDs
using an extract of the traditional medicinal plant Plectranthus
scutellarioides. The synthesized PS-CDs exhibited bright green
emission at 530 nm (upon 450 nm excitation) with a quantum
yield of 21.7% and good stability lasting over 30 days. This
stable, highly fluorescent probe was successfully applied for
qualitative detection of the plant hormone IAA in real vegetable
samples, demonstrating high sensitivity (limit of detection of
0.0421 uM) and producing results that agreed well with high-
performance liquid chromatographic analysis.**®

5. The agricultural ecological safety
of CDs

Carbon dots, as a new type of agricultural nanomaterial, have
drawn much attention for their potential ecological security
issues. For sustainable agricultural applications, it is crucial to
assess their interactions with crops, soil microorganisms and
ecological processes.

The first aspect of agricultural safety involves designing CDs
with low toxicity and biodegradable properties. Li et al
demonstrated that certain CDs could be internalized and
degraded within rice cells, enhancing the plant's stress resis-
tance without accumulating in the environment.**® On the other
hand, using purely green carbon sources such as Angelica,
licorice, Forsythia, Artemisia argyi, Ginkgo, green tea, henna,
rosemary, tea tree, ginger, and turmeric has gained popu-
larity." These plant-derived CDs minimize their adverse
impact on the environment. Most importantly, Pan et al
elucidated a degradation pathway where CDs were broken down
by "OH radicals into simple compounds, including carboxylic
acids, CO,, H,0, and NH,". Crucially, these degradation prod-
ucts were not merely safe but were assimilated by lettuce plants,
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leading to increased chlorophyll content and enhanced
growth.*® This positions biodegradable CDs within a circular
agricultural economy. However, synthesizing nontoxic or fully
biodegradable CDs remains challenging due to cost constraints
and difficulties in purification.

The second aspect concerns the impact of CDs, which have
already been introduced into the environment. Research indi-
cates that CDs can be compatible with key agricultural ecosys-
tems. For instance, Gagana et al. achieved 98% removal of dye
from wastewater using synthesized CDs@Ce0,:3Tb*" NCs.
Water treated with these nanoparticles showed negligible
toxicity and even promoted germination in chickpea seeds
(Cicer arietinum).*** Similarly, Beker et al. used CDs to remediate
water contamination, reporting 78-82% degradation of pollut-
ants and a fourfold reduction in toxicity. Unlike other
approaches, their study confirmed that CDs used for pollutant
degradation did not harm key environmental microorganisms,
preserving bacterial communities vital for soil health.**
Furthermore, Huang et al. applied two types of doped CDs to
mine soil. Results showed that low concentrations of nitrogen-
phosphorus-doped CDs not only exhibited low biotoxicity but
also promoted the enrichment of functional microbial
communities such as iron-reducing bacteria, thereby
enhancing heavy metal immobilization.***

Collectively, current data indicate that green-synthesized,
low-dose CDs in plants do not disturb soil microbial guilds
and can even enhance physiological or remediation traits.
Nevertheless, long-term field studies across multiple cropping
seasons are still required before large-scale agronomic
deployment.

6. Summary and outlook

Despite the considerable progress in existing research on CDs,
the understanding of the synthesis methods, PL mechanisms,
and their applications in agricultural production is still insuf-
ficient, and many major issues remain to be resolved. Here, the
challenges and future research directions of CDs in agriculture
from aspects such as green large-scale synthesis, transport/
interaction mechanisms, and long-term safety in agricultural
applications are summarized, as shown in Fig. 8.

The controlled large-scale synthesis of CDs from agricultural
wastes faces multiple challenges and is difficult to realize. First,
the raw materials of agricultural wastes have complex charac-
teristics, diverse compositions, and high impurity content,
which increase the difficulty of extracting and purifying CDs.
Secondly, the current technology for the synthesis of CDs from
agricultural waste is still immature, and there are still problems
in the precise control of reaction conditions, synthesis effi-
ciency, and product quality. At the same time, the cost problem
should not be ignored, as the process of extracting and puri-
fying CDs from agricultural wastes may consume a lot of energy
and materials, which leads to the high cost of the final product.
Finally, environmental factors also pose constraints to the large-
scale synthesis of CDs from agricultural wastes, and the pollu-
tion that may be generated during the treatment and utilization
process, as well as the hazardous substances or wastes that may

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Challenges and future prospects of CDs in agriculture.

be produced during the synthesis process, needs to be properly
dealt with. To realize the controlled large-scale synthesis of CDs
from agricultural wastes, researchers should find suitable
agricultural resources (raw materials), optimize the synthesis
(pyrolysis, hydrothermal/solvothermal, microwave, solid-state
carbonization) and purification method/process, reduce the
energy consumption, achieve environmentally friendly
production, and improve the yield and quality.

Although existing studies have demonstrated that CDs can
be transported in the plant body and carry out functions such as
sensing,"***** drug delivery,"*”*** and promotion of growth and
development,*®®*¢* their transport and mechanism of action in
the plant body are unclear, mainly stemming from several
challenges. First, the high complexity and diversity of plant
physiological processes contribute to the lack of clarity of the
transport mechanism of CDs. Secondly, the heterogeneity of
CDs in terms of size, morphology, surface charge, and func-
tional groups, induced by divergent synthesis approaches, leads
to the poorly understood translocation dynamics in plant
systems. Finally, environmental factors such as soil organic
matter, mineral elements, pH, as well as light and temperature,
may also affect the transport of carbon dots in plants. The
complexity and variability of these environmental factors make
it difficult to accurately predict and explain the transport
process and interaction mechanism. Combined characteriza-
tion methods such as femtosecond transient absorption, X-ray
fluorescence microscopy, steady-state/transient PL

© 2026 The Author(s). Published by the Royal Society of Chemistry

measurements, nondenaturing gel electrophoresis, in situ PL,
etc., should be utilized to elucidate the uptake, translocation,
and distribution of CDs across the plants and gain a deeper
understanding of their effects on the plant growth, photosyn-
thesis efficiency, nutritional quality, resistance against envi-
ronmental stresses, gene expression and so on.

Currently, significant challenges persist in ensuring the
long-term safety and minimizing the biotoxicity of CDs in
agricultural applications. Existing studies demonstrate that
CDs exhibit significant biphasic concentration dependence —
low doses promote crop growth while high concentrations
inhibit development - with toxicity thresholds modulated by
complex interactions between surface chemistry and plant
species specificity."**'** Simultaneously, CDs can enter the food
chain via plant uptake, accumulating in organisms and posing
risks of potential organ damage, yet systematic assessment of
human health impacts under chronic exposure remains lack-
ing. Crucially, knowledge gaps persist regarding CDs' environ-
mental residual dynamics, chronic toxicity of degradation
products, and long-term interference with soil microbial
community structure and function under continuous
application.'®%” These challenges imperatively require estab-
lishing a cross-scale standard procedure for the biotoxicity
evaluation of CDs to investigate the degradation pathways,
quantify environmental fate, metabolic pathways, and ecolog-
ical effects, thereby developing a risk management system that
balances agricultural efficiency with ecological sustainability
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and utilizes the CDs safely in agriculture for the long term. In
light of this, the European Union has explicitly mandated under
its Plant Protection Products Regulation (EC) No 1107/2009 and
Fertilizing Products Regulation (EU) 2019/1009 that pesticides
and fertilizers containing nanomaterials must undergo separate
risk assessments. Carbon Removal Certification Framework
(CRCF) focuses on carbon storage, and its certification concepts
and standards offer valuable references for future quantitative
assessments of the environmental benefits of nanomaterial
applications in agriculture. China is also actively building
foundational evaluation mechanisms, such as developing
a benchmark database for agricultural product carbon footprint
factors. This initiative aims to accurately quantify carbon
emissions at each stage of agricultural production, thereby
providing essential data support for assessing the emission
reduction benefits of nanomaterial applications. The use of CDs
in agriculture remains at an early research stage and has not yet
entered large-scale commercialization. As a result, it has not
triggered mandatory regulatory approval processes. In the
future, safety evaluations should advance in parallel with
regulatory development to ensure the compliance and sustain-
able deployment of CDs.

Although CDs are far from being fully utilized and still
present the above challenges, they have made considerable
progress after over a decade of development. Compared with
other carbon nanomaterials, CDs have a wide range of unique
advantages, such as excellent fluorescence properties, good
biocompatibility, easy functionalization, and simple prepara-
tion, making them a significant potential for agricultural
production applications. It can be foreseen that the controlled
large-scale synthesis of agricultural waste, in-depth research on
its transport mechanism, and further studies on its long-term
safety and minimization of biological toxicity will greatly
promote the wider application of CDs. Looking forward, trans-
lating CDs from promising nanomaterials into effective agri-
cultural tools will require interdisciplinary collaboration.
Through the synergistic approach - iteratively refining mate-
rials based on efficiency and environmental compatibility
within sound policies - the potential of CDs for sustainable
agriculture can be fully and responsibly realized.
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