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quantum dots for aggregation-induced green
fluorescence
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In the realm of nanomaterials, surface modification and vacancy defects are widely recognized as key

factors that influence various physical and chemical properties. However, the creation and dynamic

structural evolution of vacancy defects in atomically thin graphene quantum dots (GQDs) remain largely

unexplored, primarily due to the challenges in isolating GQDs that exhibit such defects. In this study,

nitrogen-doped GQDs (size ca. 3 nm) were synthesized from biomass extracts and subsequently surface

functionalized to enhance their properties. Interestingly, the functionalization process not only

introduced inner defects but also promoted the aggregation of GQDs, which, in turn, led to a significant

boost of green fluorescence. The successful synthesis of GQDs and the incorporation of functional

groups were confirmed using various characterization techniques. UV-vis spectroscopy was employed to

identify the characteristic optical signatures of GQDs, while FTIR spectroscopy verified the presence of

specific functional groups. Dark-field scanning transmission electron microscopy (STEM) was utilized for

size authentication, visualization of inner defects, and insights into the morphological features of the

GQDs. X-ray photoelectron spectroscopy was employed for elemental analysis. Additionally,

luminescence studies, including fluorescence and photoluminescence, were conducted to investigate

the optical properties. The meticulously prepared surface-functionalized GQDs, showcasing elevated

luminescence, hold significant promise as advanced multifunctional materials. Their semiconducting

nature makes them strong candidates for high-performance display applications, while their exceptional

biocompatibility and robust fluorescence position them as an ideal platform for drug delivery, particularly

in cancer therapeutics.
1. Introduction

The development of graphene quantum dots (GQDs) has gained
impetus for various applications due to numerous benets,
typically long-lasting photostability, non-toxicity, cost-
effectiveness, color tunability, and particularly their strong
potential for biomedical applications.1–4 GQDs belong to the
category of zero-dimensional (0-D) uorescent carbon nano-
materials, which have a lot of edge states and functional groups
along with a noticeable quantum connement effect, charac-
terized by a lateral size smaller than 10 nm.5,6 Functionalized-
GQDs exhibit better photo-response than GQDs in optoelec-
tronic devices because of improved carrier transport.7–10 The
presence of these functional groups imparts notable hydro-
philic properties to GQDs, enhancing their optical characteris-
tics and ensuring favorable biocompatibility and non-
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toxicity.3,11 In practical terms, GQDs have gained signicant
recognition for their extensive utilization in the human body
environment, particularly in cell imaging applications.2,12

Structurally, GQDs exhibit features similar to both fullerenes
and carbon dots (CDs), comprising primarily sp2-hybridized
carbon atoms, with localized sp3 sites bearing oxygen-
containing groups.13–15 However, unlike CDs, which are gener-
ally dominated by sp3 hybridization and display an amorphous
structure, GQDs are characterized by sp2 hybridization and well-
dened crystalline domains.16–18 This fundamental structural
distinction translates to differences in their electronic and
optical behavior, making GQDs more attractive for applications
requiring tunable luminescence and advanced electronic
functionality.

To modulate the optical and electrical properties of GQDs,
surface modication is oen employed, with heteroatom
doping, using elements like N, S, F, Cl, and B, being a widely
adopted strategy.19–21 Such doping serves as an effective struc-
tural modication technique that can enhance the ability of
GQDs to scavenge free radicals. The photoluminescence (PL)
behaviour of the GQDs is inuenced by charge transfer between
the functional groups and the QDs.22 Furthermore, chemical
Nanoscale Adv., 2026, 8, 181–191 | 181
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Scheme 1 Schematic illustration of the green synthesis of graphene quantum dots (GQDs), where subsequent aggregation-induced emission
and defect formation contribute to enhanced fluorescence.
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functionalization can alter their energy gap and total dipole
moment, thereby modifying their entire characteristics.23 Ulti-
mately, the optical and electrical properties of GQDs depend not
only on their shape, but also on the type and position of the
attached functional group.24–26 For instance, hexagonal-
armchair GQDs have strong uorescence properties.27,28 The
luminescence and bandgap of GQDs can be tuned by adjusting
parameters such as the number of layers, size, shape, and edge
morphology.29 Oxygen-based edge passivation, in particular,
has been shown to reduce the energy gap.30 Functional groups
containing oxygen, such as –OH, –CHO, –COCH3, and –COOH,
are frequently utilized to alter the electrical and optical char-
acteristics of GQDs.31 Groups like –OH and –COOH can induce
a redshi in emission and decrease the energy gap.32

Heteroatom doping remains one of the most effective strat-
egies for achieving such modications, as dopant atoms
incorporated into the GQD lattice can alter the energy band
structure, polarizability, defect density, local electron congu-
ration, and elemental composition.33–35 These structural and
electronic changes directly inuence the physical and chemical
characteristics of GQDs, including their catalytic activity, PL
characteristics, size, and surface morphology.36,37 Their strong
PL, coupled with a high density of reactive surface groups,
enables versatile conjugation with a wide range of therapeutic
agents, including ligands, polymers, uorescent dyes, light-
182 | Nanoscale Adv., 2026, 8, 181–191
responsive materials, and functional nanoparticles.38 This
remarkable conjugation capability underscores graphene's
signicance in biomedical applications, particularly in cancer
diagnostics and therapy.39 Notably, certain heteroatom dopants
can enhance uorescence, while others may quench it,
depending on their nature and interaction with the GQD
structure.

However, achieving a practical green light emission from
GQDs requires two critical parameters: a narrow full width at
half maximum (FWHM) and high color purity, both of which are
particularly important for display applications.40 These unique
emission characteristics are closely linked to precise control
over the sp2 C subdomains, which are recognized as the primary
contributors to the bandgap in GQDs.21 In this work, hydro-
philic GQDs were synthesized from biomass and subsequently
subjected to surface-functionalization (Scheme 1). This process
not only introduced defects but also promoted aggregation,
which, to the best of our knowledge, led to the rst reported
observation of aggregation-induced strong green uorescence
in surface-functionalized GQDs. Such modied GQDs offer
multiple advantages: enhanced luminescence, the potential to
induce chirality, and internal defects that serve as anchoring
sites for dopant atoms. Their high biocompatibility and
hydrophilic nature make them promising candidates for drug
delivery, particularly in tumor and cancer-cell treatment.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, their bright luminescence and semiconducting
properties render them highly attractive for luminescent-
display applications.
2. Experimental
2.1 Materials

Rice husk powder (bought from Taobao, China), deionized
water, NaBH4, and HCl (purchased from Sinopharm Chemical
Fig. 1 Dark-field STEM images illustrating the morphological evolution
biomass after hydrothermal treatment, with scale bars of (a) 100 nm, (b
reduction, with scale bars of (d) 1 mm, (e) 100 nm, and (f) 10 nm; (g–i) ag
acidic treatment, with scale bars of (g) 100 nm, (h) 50 nm, and (i) 5 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Reagent, Beijing) were used in this study. For TEM study, copper
grids with a holey carbon thin lm were used.
2.2 Synthesis

We took ca. 1 g rice husk powder and dispersed it in 70 mL
deionized water (DIW) in a lid-covered conical ask, and stirred
for 3 hours at 1k rpm and 150 °C. The resulting solution was
ltered via lter paper, and the formation of graphene oxide
particles was conrmed via STEM analysis (Fig. 1a–c). The
of the samples: (a–c) graphene-oxide through facile synthesis from
) 50 nm, and (c) 20 nm; (d–f) graphene quantum dots obtained after
gregated, surface functionalized-graphene quantum dots formed after

Nanoscale Adv., 2026, 8, 181–191 | 183
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solution was subsequently washed several times with DIW, and
the obtained powder was dispersed in H2O. An aqueous NaBH4

solution was then added, and the mixture was stirred at
ambient temperature for 24 h. Aer centrifugation at 14k rpm
for 10 minutes, the supernatant was collected and characterized
by UV-vis spectroscopy, FTIR, STEM, and uorescence to
conrm the presence of GQDs (Fig. 1d–f).

For surface-functionalization, the second solution was dried via
a rotary evaporator, and the resulting powder was dissolved inHCl.
The suspension was stirred continuously at 1k rpm and 50 °C for
4 h, aer which HCl was removed, and the powder was washed
several times with DIW. The puried sample was then redissolved
in H2O and subjected to a second reduction with an aqueous
NaBH4 solution under stirring for 10 hours. Finally, the sample
was centrifuged under the same conditions as above, and the
supernatant was analyzed by UV-vis spectroscopy, FTIR, STEM,
uorescence, photoluminescence, and XPS (Fig. 1g–i).
2.3 Instrumentation

UV-visible spectroscopy was carried out using a SHIMADZU, UV-
2600i (JAPAN), and FTIR measurements were performed with
Fig. 2 Zoomed-in images of graphene quantum dots (GQDs): (a) a defec
atomic arrangements in {arm-chair or zigzag} configurations alongwith s
lattice fringes, with interplanar spacing calculated using Digital Microgra

184 | Nanoscale Adv., 2026, 8, 181–191
a SHIMADZU, IRAffinity-1S spectrometer. HAADF images were
acquired through a spherical aberration-corrected electron
microscope (200 kV FEI Themis Z) at the National Graphene
Products Quality Inspection and Testing Center, Wuxi, China.
Fluorescence spectra were recorded with an EDINBURGH
Instruments F55 spectrometer (Livingston, UK), while photo-
luminescence spectroscopy was conducted using a JASCO FP
6500 spectrouorometer. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Thermo Fisher
Scientic K-Alpha spectrometer (England), with all spectra
calibrated using the principal C 1s peak at 284.5 eV as an
internal reference.
3. Results and discussion

This study provides an in-depth visualization of the morpho-
logical transformation of graphene oxide (GO) precursors into
nitrogen-doped graphene quantum dots (N-GQDs), followed by
their surface functionalization and aggregation under acidic
treatment. Fig. 1a–c presents dark-eld STEM images of GO
nanosheets derived via a hydrothermal treatment of biomass.
t within a GQD highlighted by a dashed arrow; (b) clear visualization of
urface functionalized entities; (c and d) HRTEM image of GQDs showing
ph software.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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These GO structures appear as extended, crumpled nanosheets
with irregular edges and lateral dimensions exceeding 50 nm.
The bright contrast and diffuse features in these images support
the presence of partially oxidized carbonaceous sheets with
disordered domains.41,42 The progressive reduction in scale bars
(100 nm / ca. 10 nm) illustrates the onset of fragmentation
and edge reconstruction, which is essential for quantum dot
nucleation.

Furthermore, for GQD formation, Fig. 1d–f depict the
transformation from GO into GQDs aer a controlled reduction
step. The discrete, quasi-spherical particles observed here range
in size from 3 to 10 nm, with increased brightness under dark-
eld conditions indicating higher electron density and
compactness.43 These GQDs are likely formed by in situ
“cutting” of the GO sheets along defect-rich lines or oxygenated
zones, a known route in biomass-derived syntheses.44

The nal transformation stage, involving surface function-
alization and aggregation, is presented in Fig. 1g and i. Acidic
treatment not only induces inter-particle aggregation but also
enhances luminescence. This process likely introduces
carboxyl, amine, or sulfonic groups onto the GQD surface, as
later conrmed by FTIR and XPS analyses. The aggregation is
visually conrmed by denser clusters and overlapping bound-
aries, especially evident in the 5 nm resolution image (Fig. 1i),
where individual dots assemble into stacked or bridged struc-
tures.45 This clustering is hypothesized to facilitate p–p
Fig. 3 (a and c) UV-vis and FTIR spectra of graphene quantum dots (GQD
vis and FTIR spectra of GQDs after acidic treatment, showing an increas

© 2026 The Author(s). Published by the Royal Society of Chemistry
stacking or hydrogen bonding between surface moieties, which
is also correlated with the observed shi in uorescence emis-
sion toward the green region.41

Fig. 2a highlights a vacancy defect, marked with a dashed
arrow, showing a disruption in the otherwise periodic lattice.
Such vacancy-type point defects are thermodynamically favored
during oxidative cutting or post-functionalization acid treat-
ments, particularly at higher temperatures.46 They are key
contributors to enhanced luminescence due to the formation of
mid-gap states or localized energy levels.

High-resolution TEM images (Fig. 2c and d) further reveal
the crystalline lattice of individual GQDs, with an interplanar
spacing of approximately 0.21–0.24 nm, consistent with the
(100) and (1120) planes of graphitic carbon.47,48 This observation
conrms that, despite their ultrasmall size, the dots retain high
crystallinity, which is a prerequisite for their semiconducting
behavior and photoluminescence efficiency.49 Moreover, STEM
images (Fig. 2) provide further insights into the structural
nature of GQDs, illustrating a characteristic honeycomb struc-
ture, which is an indication of SP2 hybridization within the
carbon framework.15,50

GQDs commonly demonstrate an absorbance band in the UV
region, spanning from 260 to 320 nm (Fig. 3a and b).51 This
absorption band originates from the p–p* transitions of sp2

hybridized C]C bonds.15 Occasionally, there is a less
pronounced shoulder observed in the range of 270–400 nm,
s) before acidic treatment, with a particle size of ca. 3 nm. (b and d) UV-
e in particle size of ca. 10 nm.

Nanoscale Adv., 2026, 8, 181–191 | 185
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Fig. 4 XPS analysis of surface-functionalized graphene quantum dots of size ca. 10 nm after acidic treatment: (a) full elemental survey, (b) C 1s
spectrum, (c) O 1s spectrum and (d) N 1s spectrum.
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corresponding to n–p* transitions associated with carbonyl
(C]O) groups, which extends into the visible wavelengths.52

Detailed analysis of the UV-vis spectra reveals a distinct
absorption peak centered at approximately 280 nm (Fig. 3b),
affirming the p / p* transitions of aromatic C]C bonds.4,53

Additionally, the presence of a shoulder beyond 300 nm reects
n / p* transitions from C]O bonds. These spectral features
indicate electronic transitions within the conjugated sp2

domains, contributing to delocalized p states that mimic the
behavior observed in pristine graphene.

Interestingly, the absorption shoulder shis from approxi-
mately 350 nm in Fig. 3a to 320 nm in Fig. 3b, which may be
attributed to the HOMO to LUMO transition variations caused
by surface functional groups introduced during post-synthesis
treatment.54 Complementary FTIR spectra further support
these ndings: the O–H stretching vibration peak at 3442 cm−1

in Fig. 3c became more intense and shied to 3488 cm−1 in
Fig. 3d, while the C]C bond stretching became more intense,
conrming both sp2 hybridization and the crystallinity of the
GQDs.55

For small GQDs (ca. 3 nm), the emission peak with the
highest intensity occurs at ca. 410 nm when excited at 320 or
310 nm (according to the trend of peak intensities) (Fig. 5a).
Interestingly, the same trend has been repeated during the
186 | Nanoscale Adv., 2026, 8, 181–191
excitation scan, and the peak positions are coincident (Fig. 5b).
Notable shis in peak positions, along with broadening of the
full width at half maximum (FWHM), are also evident, high-
lighting the manifestation of the quantum connement effect.
This behaviour arises from the interplay between the surface-to-
size ratio dynamics and inherent structural modications
within the GQDs.6,21

Similarly, for surface-functionalized GQDs, the excitation-
dependent emission scan shows the highest intensity peak at
460 nm under 380 nm excitation (Fig. 5c). The same phenom-
enon is observed in the emission-dependent excitation scan,
where the excitation peak appears at 380 nm, corresponding to
emission at 460 nm (according to the trend of the peaks'
intensities and positions) (Fig. 5d). The emission at 460 nm
(Fig. 5c and d) originates from the n / p* transition of
carbonyl or carboxylic groups associated with surface-
functionalized GQDs (which are counter-conrmed by XPS
(Fig. 4d)), located adjacent to the conjugated basal carbon
skeleton.56

The broad emission arises from the layered structure of the
GQDs, featuring an extensive conjugated system with wide-
spread delocalized p electrons.57 Consequently, the resulting
GQDs exhibit wide spectral emission spanning ultraviolet to
visible wavelengths (Fig. 3). This large stock shi and broad-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence study of GQDs: (a) emission spectrum of GQDs of size ca. 3 nm before acidic treatment, (b) excitation spectrum of GQDs of
size ca. 3 nm before acidic treatment, (c) emission spectrum of surface-functionalized GQDs of size ca. 10 nm after acidic treatment, and (d)
excitation spectrum of surface-functionalized GQDs of size ca. 10 nm after acidic treatment.
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spectrum luminescence make them highly effective for light
harvesting applications in nano-photonics, particularly in bi-
oimaging contexts.

Typically, GQDs exhibit strong photoluminescence (PL)
emissions, rendering them valuable for applications in uo-
rescence bioimaging.58 The emission spectra of GQDs are
intricately linked to the excitation wavelength. Variations in
emission peak positions under different excitations arise from
several factors such as the quantum connement, size effects,
elemental composition, edge states, surface functional groups,
conjugated p-domains, and defects within the carbon frame-
work.59,60 These factors contribute to the existence of distinct
emissive trap sites and varying electron densities on the surface
of GQDs, which directly inuence the PL behaviour of GQDs.
Consequently, at specic excitation wavelengths, the corre-
sponding emissive trap sites are stimulated, leading to the
emission of light by GQDs (Fig. 5). These ndings align
harmoniously with earlier research and correlate well with the
results illustrated in Fig. 3.

Moreover, depending on the solvent used, GQDs exhibit both
excitation-dependent and excitation-independent uorescence
properties. The solvent-dependent uorescence emission
behavior is likely governed by solvation dynamics, further
emphasizing the tunable optical properties of GQDs.59

The emission range of GQDs extends from 480 to 600 nm,
while their excitation wavelength lies between 300 and 460 nm
© 2026 The Author(s). Published by the Royal Society of Chemistry
(Fig. 6). GQDs exhibit excitation-dependent emission. As the
excitation wavelength increases from 310 to 340 nm, the emis-
sion intensity increases (Fig. 6a). However, a further increase in
excitation wavelength causes the quenching in the main peak's
intensity, but another narrow emission peak appears at high
energy. With continued increases in excitation wavelength, the
intensity of this secondary peak not only increases, but the
position of this peak also shis to lower energy (higher wave-
length) (Fig. 6b). For clarity, both excitation-dependent emis-
sions are shown in Fig. 6c.

These spectral features result in multicolor uorescence,
with blue and green emissions being the most prominent. The
quenching of blue emission at higher concentrations is attrib-
uted to aggregation-induced concentration quenching, caused
by photon reabsorption and non-radiative energy transfer
among aggregated GQDs. In contrast, the green emission
exhibits enhanced uorescence at high concentrations (Fig. 6c).
Additionally, some studies report that GQDs exhibit up-
conversion photoluminescence, also known as two-photon
uorescence, where the simultaneous absorption of two
photons produces an emission wavelength shorter than the
excitation wavelength (Fig. 6).

To further investigate the chemical environment and
compositional changes, X-ray photoelectron spectroscopy (XPS)
analysis was carried out. The entire survey XPS spectra clearly
display characteristic peaks corresponding to the C 1s peak at
Nanoscale Adv., 2026, 8, 181–191 | 187
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Fig. 6 Photoluminescence study of surface-functionalized graphene quantum dots of size ca. 10 nm after acidic treatment under different
excitation energies. (a) Emission spectra of GQDs excited in the range of 310 to 380 nm. (b) Emission spectra of GQDs excited in the range of
360 nm to 460 nm. (c) Emission spectra of GQDs excited across 300 to 460 nm. (d) Schematic illustration of electron excitation and de-
excitation mechanisms.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
0:

11
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
284 eV, N 1s peak at 400 eV, and O 1s peak at 532 eV (Fig. 4b).
Deconvolution of the C 1s peak reveals three Gaussian peaks:
the graphitic sp2 C (C–C/C]C) is associated with the peak
centered at 284.4 eV, C (C–C, C–O, and C–N) carbonyl is repre-
sented by the peaks at 285.8 eV, and the carboxylate C(O)–O is
associated with the peak at 292.8 eV (Fig. 4b).61 The N 1s peak
Table 1 Comparison of biomass-derived graphene quantum dots (GQD

Biomass precursor Synthesis method Key optical

Rice husk (this work) Hydrothermal carbonization
followed by acid treatment and
surface functionalization

Tunable em
uorescenc
emission (A

Pomelo peel Hydrothermal Blue emiss
dependent

Waste tea Hydrothermal Blue-green

Ginger Hydrothermal Blue emiss

Lignin Microwave-assisted Blue emiss

Cabbage Hydrothermal Blue emiss

Rice husk
(other report)

Pyrolysis & chemical oxidation Blue emiss

188 | Nanoscale Adv., 2026, 8, 181–191
splits into two Gaussian peaks: a small spectrum at 398.2 eV is
attributed to pyrrolic N, and a dominant peak at 399.7 eV
represents graphite N (Fig. 4c).62,63

High-resolution O 1s spectra provide further insight into
oxygen functionalities. The relative contribution of carbonyl
groups (C]O) increases with the pyrrolidone formation.64
s)

properties/emission Key advantages/novelty Ref.

ission; strong green
e; aggregation-induced
IE) for NGQDs

First report of AIE-active N-doped
GQDs from rice husk

This work

ion; excitation-
behaviour

Simple one-step synthesis from
food waste

55

emission Low-cost, green synthesis from
beverage waste

67

ion Demonstrated good
biocompatibility

71

ion High QY from lignin; rapid
microwave synthesis

72

ion Application in photocatalysis
beyond sensing

73

ion Rice husk-derived CDs 66

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Specically, the peak at 532.38 eV is assigned to C]O (Fig. 4d),
regarded as quinone, which arises from dehydrolysis by the
surrounding carboxyl groups, while the peak at 532.68 eV is
associated with the carbonyl group.65 Notably, acidic treatment
not only facilitated surface functionalization and aggregation of
GQDs (Fig. 5i) but also introduced inner defects within the
GQDs (Fig. 6a and b). These structural modications resulted in
a notable enhancement in green uorescence, as illustrated in
the inset images of Fig. 2b.

While the synthesis of GQDs from biomass precursors like
pomelo peel, tea, and ginger is well-established, these typically
yield materials with common blue emission and face limita-
tions such as aggregation-caused quenching (ACQ).55,66,67 Our
work advances this eld by presenting a two-step functionali-
zation of rice husk that produces N-doped GQDs (NGQDs) with
strong, tunable green uorescence. Crucially, and unlike the
compared state of the art, our NGQDs exhibit AIE, a rare and
highly valuable property that enhances their utility in solid-state
applications.68 This represents a signicant departure from
previous reports, including other rice husk-derived carbon dots,
marking the rst synthesis of AIE-active NGQDs from this
abundant agricultural waste.66 A detailed comparison of key
parameters, including the precursor, synthesis route, optical
properties, and novelty, is provided in Table 1, which clearly
contextualizes our advancements within the recent literature.
The data summarized in the table underscore that while other
methods offer simplicity, our approach provides superior
functional performance and a unique AIE characteristic. This
combination of a scalable precursor, a controlled synthesis, and
exceptional photophysical properties positions our rice husk-
derived NGQDs as a superior material for advanced applica-
tions in solid-state lighting, optoelectronics, and sensing, where
a high uorescence quantum yield in aggregate states is para-
mount.69,70 The table effectively highlights how our work moves
beyond merely reporting another blue-emitting carbon dot to
delivering a material with a distinct and practical advantage.

4. Conclusion

GQDs are a promising class of nanomaterials with immense
potential, owing to their unique combination of semi-
conducting behavior, size-tunable photoluminescence, and
excellent biocompatibility. In this study, we report a facile,
sustainable approach for the synthesis of GQDs derived from
abundantly available rice husk biomass. The process involves
the initial extraction of GO, its conversion into GQDs, followed
by surface functionalization to yield defect-engineered GQDs
exhibiting aggregation-induced green uorescence under UV
illumination. The synthesized GQDs were systematically char-
acterized at various stages to elucidate the inuence of particle
size on their optical properties. Notably, the quantum conne-
ment effect was evident, as smaller-sized GQDs demonstrated
higher excitation energy requirements compared to their larger
counterparts. Interestingly, upon aggregation, the smaller
GQDs exhibited markedly enhanced green uorescence under
UV light, while remaining optically transparent under ambient
conditions, an attribute of potential utility in stealth imaging
© 2026 The Author(s). Published by the Royal Society of Chemistry
and optoelectronic applications. Furthermore, the excitation-
dependent photoluminescence behavior of the GQDs revealed
non-trivial spectral shis, highlighting the complexity of their
emissive states, possibly linked to surface defects and hetero-
geneity in the electronic structure. Taken together, the biomass-
derived, functionally tunable GQDs reported in this study hold
signicant promise for applications spanning advanced opto-
electronic devices and biomedical imaging platforms.
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