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vacancies-assisted low
temperature synthesis of graphitic carbon quantum
dots for enhanced conductive networks in epoxy
composites
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Conventional bottom-up synthesis of graphitic carbon quantum dots (g-CQDs) often requires extended

reaction times, high energy input, and specialized equipment, limiting scalability and sustainability. In this

study, we present an eco-friendly and energy-efficient method for synthesizing g-CQDs using H2CO3 as

a carbon precursor at just 72 °C for 1 hour—representing one of the lowest reported synthesis

temperatures and shortest reaction times using simple apparatus. Graphene oxide vacancies act as

catalytic and nucleation sites, promoting the formation of g-CQDs under these mild conditions. The

resulting g-CQD solution exhibits strong yellow photoluminescence, with a maximum emission at

533 nm and excitation-independence across the 320–410 nm range. Upon drying, the g-CQDs

spontaneously assemble into a three-dimensional (3D) network, which provides additional functionality

when incorporated into g-CQD/graphene nanoplatelet epoxy composites. This strategy not only

promotes the sustainable production of g-CQDs but also broadens their potential for use in next-

generation nanomaterials and optoelectronic devices.
Introduction

Polymer-carbon nanomaterial composites combine the properties
of polymers (exibility, lightweight, processability) with the
exceptional electrical, mechanical, and thermal properties of
carbon-based nanomaterials such as carbon nanotubes, graphene,
and fullerenes. They nd applications across diverse industries
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such as thermal management in electronic modules, and battery
systems,1 superconductivity for electrical and anti-static applica-
tions,2,3 exible electronics,4 biosensors, etc. Thanks to their
lightweight nature, large specic surface area, excellent thermal
and electrical conductivity, and high mechanical strength,
composite materials made of epoxy resin and graphene nano-
platelets (GNPs) are highly sought aer for specic applications,
where efficient heat and electricity management is critical.5–9

Efficient thermal and electrical conduction in polymer
composites necessitates the formation of highly continuous
conductive networks, typically achievable at high loadings of
GNPs.10,11 However, the graphitic structure of GNPs tends to form
irreversible agglomeration due to strong van der Waals interac-
tions, posing challenges to achieving uniform dispersion.12–14 The
incorporation of various carbon materials, such as GNPs, carbon
nanotubes (CNTs), and graphene oxide (GO), has demonstrated
a synergistic effect of hybrid llers, facilitating the creation of
interconnected conductive networks that signicantly enhance
the thermal and electrical properties of polymer composites.10,14–16

New class of carbon nanomaterials, represented by graphene
quantum dots (GQDs), carbon quantum dots (CQDs), and CQDs
with graphitic character, called graphitic carbon quantum dots (g-
CQDs).17 Due to their unique properties such as biocompatibility,
low toxicity, small bandgap, connement effects, and high solu-
bility, these carbon nanomaterials have been widely explored for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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diverse applications, including drug delivery, bioimaging,
sensing, ultraviolet photo-detectors, photocatalysis, batteries, and
cement enhancement.17–23 Recently, carbon nanomaterials have
garnered signicant interest as electrically and thermally
conductive llers in polymer matrices. For examples, Seibert
et al.24 synthesized GQDs from charcoal using sulfuric and nitric
acids and incorporated them into epoxy composites. Their study
demonstrated that GQDs enhanced the thermal conductivity of
the epoxy by 144% and improved its toughness by 260%, attrib-
uted to the size effect, surface functional groups, and dis-
persibility of GQDs. Zhang et al.25 developed a method to further
increase the thermal conductivity of epoxy composites by incor-
porating a hybrid ller of aluminum nitride (AlN) and modied
GQDs (D-GQDs). In their study, GQDs were synthesized by pyro-
lyzing citric acid at 200 °C for 2 h, then modied with poly-
etheramine (D400), enriching their edges with amino groups.
Their result showed that the thermal conductivity of AlN-epoxy
was 0.83 W (m K)−1, while the hybrid ller system of AlN/D-
GQDs in epoxy resin achieved an enhanced thermal conduc-
tivity of 1.31 W (m K)−1, facilitated by the good thermally
conductive network of D-GQDs. Additionally, the electrical
conductivity of AlN/D-GQDs-epoxy increased compared to AlN-
epoxy, which the authors attributed to the polar hygroscopic
functional groups present in D-GQDs.

The bottom-up synthesis of g-CQDs typically involves the
chemical assembly of small organic molecules, which enables
precise size control and minimizes defect formation therein.
However, this approach faces challenges for large-scale
production, as it is oen time and energy-intensive, has heavy
environmental impacts, and requires specialized
equipment.26–29 In this study, we propose a novel, green, and
energy-efficient approach for synthesizing g-CQDs using
carbonic acid (H2CO3) as a carbon precursor and graphene
oxide vacancies as catalytic and nucleation sites under low
temperature synthesis. H2CO3 can be produced from atmo-
spheric carbon dioxide (CO2), and the g-CQDs production
process in this study is also excellent from the perspective of
sustainability.30 The synthesis of g-CQDs is performed under
ambient pressure at temperatures below 100 °C within 1 h
reaction time. To explore the merit of g-CQDs that form
conductive networks with other carbon nanomaterials, hybrid
llers of GNPs and g-CQDs were incorporated into an epoxy
resin matrix. The resulting composites were evaluated for
enhancements in both thermal and electrical conductivity.

Experimental
Materials

Chemicals used in g-CQDs synthesis: Ammonium sulfate
((NH4)2SO4, 99.5%) was purchased fromThomas Baker (Chemicals)
Pvt. Ltd, India. Formic acid (HCOOH, 98–100%) was purchased
from Sigma-Aldrich. Hydrogen peroxide was purchased from QreC,
New Zealand. GO was purchased from Luoyang Tongrun Nano
Technology Co., Ltd, China. Sodiumhydrogen carbonate (NaHCO3,
99.5–101.0%) was purchased from KemAus Pty., Ltd, Australia. 1
kDa regenerated cellulose membrane tubing used in dialysis was
purchased from Spectrum Lab Ltd, New Zealand.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The GNPs-epoxy composites were created using graphene
nanoplatelets (GNPs, particle size of 5–25 mm, thickness average
of 15 nm, surface area of 50–80 m2 g−1, oxygen content <1%)
from XG Sciences, Inc., US. Mira MR 178-2A, and Mira MR 178B
were employed as epoxy resin, and hardener respectively, both
sourced from Miradur Sdn. Bhd., Malaysia.
Synthesis of g-CQDs

First, 100 mg of GO was suspended in 50 mL of an aqueous
solution containing 0.4 M (NH4)2SO4 and 1.5 M HCOOH, and the
mixture was heated to 72 °C. Upon reaching 72 °C, 9.45% (w/v)
H2O2 was added. The solution was then combined with pre-
heated 6.30 g NaHCO3 powder at 72 °C and maintained at this
temperature for 1 hour. This process yielded a dark brown g-CQD
solution, which was subsequently cooled to room temperature.
The g-CQD solution was then dialyzed for 3 days and freeze-dried,
resulting in a yellowish-brown, sponge-like material.
Characterization

Transmission electron microscopy (TEM) imaging was per-
formed using a Talos F200X instrument at STREC, Chula-
longkorn University. A drop of the g-CQDs solution was
deposited onto a copper grid for analysis, and the lattice
spacing was measured using ImageJ soware. The X-ray
diffraction (XRD) pattern of g-CQDs sample was recorded in
the 2q range 10°–80° (scan rate= 0.5 s per step) using a Siemens
D5000 diffractometer using nickel ltered Cu Ka radiation. X-
ray photoelectron spectroscopy (XPS) analysis was conducted
by employing Mg Ka X-ray radiation at 10 kV to determine the
surface elemental composition. Raman spectra were performed
using a Thermos Scientic DXR3 Raman microscope equipped
with a 523 nm excitation laser operating at a power of 500 mW
and a 100× objective lens. Photoluminescence (PL) spectra were
recorded with a Fluoromax R928P spectrometer, with g-CQDs
sample excited at 360 nm. Scanning electron micrographs
(SEM) and energy-dispersive X-ray spectroscopy (EDX) analyses
of the composites were conducted using a Hitachi S-3400 N to
examine the fracture surfaces. Thermal conductivity was
measured at room temperature using a laser ash analyzer.
Samples were prepared as square-shaped specimens with
dimensions of 10 mm × 10 mm and a thickness of 2 mm. Prior
to measurement the samples were coated with graphite spray.
The analysis followed an in-house method based on ASTM
E1464-13. Electrical resistivity was determined using the Van
der Pauw method, as described in ref. 31. Measurements were
performed with a Keithley 230 programmable voltage source
and a Keithley 2182A nanovoltmeter.
Results and discussion
Graphene oxide vacancies-assisted low temperature synthesis
of g-CQDs

Here, g-CQDs were synthesized using a simple beaker-type
reactor as illustrated in Fig. 1(a). The formation of g-CQDs
was achieved via a graphene oxide vacancies-assisted low
RSC Adv., 2025, 15, 24040–24052 | 24041
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Fig. 1 Schematic illustration of (a) the graphene oxide vacancies-assisted low temperature synthesis of g-CQDs and digital image of the ob-
tained solution under normal light and UV light, (b) interaction between H2CO3 and high localized electric field in graphene oxide vacancies
catalyzing g-CQD formation.
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temperature synthesis. Briey, a solution containing GO,
H2CO3, and H2O2 was maintained at 72 °C under ambient
pressure for 1 h. Aer the reaction, the solution was dialyzed to
remove impurities. The resulting solution appeared brown
under normal light and exhibited strong yellow luminescence
under UV-light. g-CQDs were formed using H2CO3 as a carbon
precursor, which was generated by the protonation of bicar-
bonate ions (HCO3

−) produced from the dissolution of NaHCO3

in deionized water. The addition of formic acid (HCOOH)
facilitated the formation of H2CO3. The reaction of GO with
H2O2 involved the oxidation of the GO structure by hydroxyl
radicals (OHc), resulting in the creation of vacancies or defects
within the graphene lattice, referred to as graphene oxide
vacancies.32,33 As shown in the schematic model in Fig. 1(b),
these defects or vacancies in the graphene oxide structure give
rise to localized electronic states with high local charge density
near the vacancy sites.34–36 These sites served as reactive nucle-
ation centers for the growth of g-CQDs and played a crucial role
in controlling their size distribution.36–40 Recent work by Ni, Q.,
et al.41 demonstrated that functionalization of CQDs with
electron-withdrawing groups (EWG) such as –NO2 and –COOH,
signicantly alters their surrounding electronic environment.
Their study further showed that these EWG-CQDs can promote
the transformation of NiFe-MOFs and facilitate the expansion
of interlayer spacing.
24042 | RSC Adv., 2025, 15, 24040–24052
Table 1 provides a comprehensive summary of the reaction
conditions screened in the synthesis of g-CQDs. The best
conditions to produce g-CQDs requires H2O2, HCOOH,
NaHCO3, and 100 mg of GO (Entry I). H2CO3 has proven to be
the optimal carbon precursor for this system. HCOOH is
employed to facilitate the formation of H2CO3. In the absence of
HCOOH (Entry II), only weak yellow luminescence was observed
under UV light, likely due to the reduced formation of H2CO3 in
the slightly basic solution. To clarify, the repulsive interaction
between bicarbonate anions and graphene oxide vacancies
worsens the formation of g-CQDs. Graphene oxide vacancies
play a critical catalytic role in the synthesis of g-CQDs when
H2CO3 is used as the carbon precursor. It is obvious that
without H2O2, there was almost no g-CQDs formation (Entry
III). The oxidation of GO by OHc radicals is known to generate
vacancies or defects within the graphene lattice. This structural
disruption is evidenced by the increased D to G band intensity
ratio (ID/IG) in Raman spectra (Fig. 2). Specically, the ID/IG
value increases from 0.94 in GO to 1.03 in GO with vacancies,
indicating a reduction in the G band intensity, an effect typically
associated with the breakdown of ordered graphitic domains.
Graphene oxide vacancies, with its high electron density due to
missing carbon atoms, interact actively with H2CO3. As
a neutral molecule, H2CO3 possesses the highest positive charge
density on its carbon atom, making it the most effective carbon
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various conditions for the synthesis of g-CQDs

Entry

Conditions

Digital images of g-CQDs solution in normal/UV light RemarkH2O2 HCOOH NaHCO3 Catalyst

I 3 3 3 100 mg of GO

II 3 — 3 100 mg of GO Slighly basic pH of the solution

III — 3 3 100 mg of GO No oxidizing agent

IV 3 3 — 100 mg of GO No carbon precusor

V 3 3 3 10 mg of GO Catalyst decreased

VI 3 3 3 100 mg of graphite Non-oxdizing catalyst
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precursor for this synthesis. While H2O2 is sufficient to form
vacancy sites in GO, the overall efficiency of CQD production
also depends on the formal charge of the carbon atom in the
precursor molecule. This is due to the highly localized electric
eld42,43 present at the GO vacancy sites, which electrostatically
favor the adsorption of highly electropositive species. For
instance, the carbon atom in H2CO3 carries a formal charge of
Fig. 2 Raman spectra of (a) the original graphene oxide (b) GO after rea

© 2025 The Author(s). Published by the Royal Society of Chemistry
+4, while in HCOOH it is +2. Consequently, H2CO3 demon-
strates signicantly higher reactivity toward GO vacancies,
resulting in superior CQDs yield. On the other hand, NaHCO3 is
an ineffective carbon source because HCO3

− is an anionic
species and is electrostatically repelled by the negatively
charged active sites. In such alkaline conditions, CQDs are
likely formed only via hydrolysis of HCO3

− to H2CO3, a reaction
ction with H2O2 (forming graphene oxide vacancies).

RSC Adv., 2025, 15, 24040–24052 | 24043
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that is thermodynamically disfavored at high pH.44 Thus, the
equilibrium concentration of H2CO3 is substantially lower
compared to the acidic environment created by direct HCOOH
addition, leading to a notably poorer CQD formation
performance.

To better understand the catalytic role of GO in the presence
of H2O2, as opposed to its function as a precursor in a top-down
synthesis approach,45–47 solutions without NaHCO3 were exam-
ined to enhance oxidation conditions (Entry IV). These condi-
tions were designed to align more closely with the top-down
approach. However, the resulting solution showed almost no
luminescence under UV light, suggesting that the top-down
conversion of GO into g-CQDs necessitates stronger oxidizing
agents such as sulfuric and nitric acids.45,48 To elaborate, if the
g-CQDs were formed via a top-down synthesis approach from
GO, Entry IV which involves H2O2, HCOOC, and 100 mg of GO
Fig. 3 Characterization of the synthesized g-CQDs by XRD, Raman, TEM

24044 | RSC Adv., 2025, 15, 24040–24052
(no NaHCO3) represents the most favorable conditions for
effective GO fragmentation. Under these conditions, the in situ
generation of the strong oxidizing pair H2O2/HCOOH derived
from performic acid is facilitated.49,50 This oxidative system is
well-documented to perform optimally under acidic condi-
tions.51,52 Importantly, no radical scavengers are present in this
system, allowing hydroxyl radicals (cOH), critical agents in
oxidative cleavage, to remain active and enable the top-down
breakdown of GO into g-CQDs.53 Still, the post-reaction solu-
tion from Entry IV shows very limited g-CQD formation, as
evidenced by the near absence of uorescence. In contrast,
Entry I, which is similar to Entry IV but includes NaHCO3, shis
the environment toward alkaline conditions and introduces
a known hydroxyl radical scavenger.54,55 This combination
signicantly suppresses the top-down oxidation of GO however
the formation of g-CQDs under conditions containing NaHCO3
, XPS, FT-IR, and PL.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of various conventional bottom-up synthesis methods

Method Precursors Others Reaction time Condition Ref.

Hydrothermal Citric acid Thiourea 4 h 160 °C 19
Urea 8 h 160 °C

Citric acid EDA 5–8 h 140–190 °C 64
Citric acid NaOH 4 h 160 °C 60
1,3,6-Trinitropyrene NaOH 10 h 200 °C 65
Citric acid Urea 1 h 180 °C 63
Nitrilotriacetic acid 4 h 250 °C 66
Citric acid Histidine 3 h 200 °C 22

Pyrolysis Citric acid BPEI 3 h 200 °C 18
Melamine powder 72 h 1000 °C 26

Carbonization Ethylene glycol 24 h 220 °C 67
Acetone 24 h 220 °C
Toluene 24 h 220 °C
Dimethylformamide 24 h 220 °C
Glycerol 24 h 220 °C
Ethylenediamine 24 h 220 °C

Microwave-assisted 1,3,6-Trinitropyrene Hydrazine hydrate 3 min 200 °C 29
Glucosamine Thiourea 40 min 450 W 28
Sodium citrate Triethanolamine 2 min 750 W 68
Glucose Ethylene glycol 9 min 800 W 69

Electrochemical o-Phenylenediamine 1 h 500 V 27
Graphene oxide vacancies-assisted low
temperature synthesis

Carbonic acid GO 1 h 72 °C This work
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is markedly higher. This observation suggests that the forma-
tion of CQDs in the system does not proceed through direct top-
down fragmentation of GO but instead arises from reactions
occurring at in situ generated vacancy sites within the GO
structure. These vacancies may act as both nucleation centers
and catalytic active sites.

Moreover, when the amount of GO was decreased to 10 mg
(Entry V), only weak luminescence was observed. This stemmed
from a reduced graphene oxide vacancies content, which
induced, consequently, the number of nucleation sites on gra-
phene oxide vacancies decreased, leading to lower g-CQD
production. The role of graphene oxide vacancies as the
nucleation site for g-CQD formation was further conrmed
when graphite was used as a substitute for GO (Entry VI), where
no luminescence was observed. This is likely due to the strongly
ordered sp2 hybridization structure of graphite, which requires
harsh chemical treatments or aggressive conditions to generate
vacancies. These ndings highlight the essential role of GO
vacancy sites, particularly as catalytic centers that facilitate the
conversion of carbon-containing species (e.g., H2CO3) into
CQDs, not just the nucleation sites for growing graphitic
carbon.

The synthesized g-CQDs were separated out by dialysis and
freeze drying and further characterized by XRD, Raman, TEM,
XPS, FT-IR, and PL. The characterization results are provided in
Fig. 3. The graphitic structure of g-CQDs was conrmed by the
XRD result showing broad peak corresponding to the (002)
plane of disordered graphite56,57 and the Raman spectra dis-
playing two prominent peaks at 1373 and 1590 cm−1, corre-
sponding to the D and G bands, which are attributed to
disordered and ordered graphitic structures, respectively.56,58,59

The TEM image also reveals a lattice spacing of 0.24 nm,
© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponding to the (1120) crystal plane of graphite.24,25,60

Surface functional groups of the synthesized g-CQDs charac-
terized by FT-IR and XPS indicate that g-CQDs contain –OH and
–COOH functional groups in addition to C–C, C–O, and C]O
bonds.58,59,61 The PL spectra of the dialyzed solution, excited at
360 nm, exhibited maximum emission at 533 nm. These result
align with Liu et al.,,62 where GQDs synthesized from a reaction
between triethylenetetramine (TETA) and p-benzoquinone dis-
played strong yellow luminescence, with a PL spectrum
maximum emission at 543 nm. The excitation-independence of
the dialyzed solution at various excitation wavelengths indicates
that size and surface state of g-CQDs are uniform.19,63 The
advantages of the present low-temperature, rapid synthesis
process for g-CQDs, compared to conventional bottom-up
methods, are clearly demonstrated in Table 2.
Fabrication of GNPs/g-CQDs-epoxy composites

The series of epoxy composites containing GNPs and/or g-CQDs
was prepared bymixing g-CQDs and/or GNPs, at various loading
ratios, as detailed in Table 3, with epoxy resin dissolved in
acetone. The mixture was then sonicated at 60 °C for 2 h.
Subsequently, the solvent was removed by drying the mixture at
110 °C. Aer cooling to room temperature, an appropriate
amount of hardener was added, followed by mechanical stirring
for 1 h and degassing for 30 min. The resulting mixture was
then cast into a silicone mold and pre-cured at 80 °C for 2 h,
followed by post-curing at 150 °C for 2 h.
Morphology of GNPs/g-CQDs-epoxy composite

The morphology of GNPs, g-CQDs, and GNPs/g-CQDs hybrid
llers are depicted as SEM images in Fig. 4. The GNP sheets
RSC Adv., 2025, 15, 24040–24052 | 24045
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Table 3 Composition of GNPs-epoxy, g-CQDs-epoxy, and GNPs/g-
CQDs-epoxy composites

Sample
GNPs loading
(wt%)

g-CQDs loading
(wt%)

Pristine epoxy — —
10gCQD — 10
5GNP 5 —
7GNP 7 —
10GNP 10 —
5GNP/10gCQD 5 10
7GNP/10gCQD 7 10
10GNP/10gCQD 10 10
10GNP/20gCQD 10 20
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display a smooth, at structure (Fig. 4(a)), while Fig. 4(b) reveals
thin, curved sheets forming a three-dimensional (3D) network
through the self-assembly of g-CQDs. Moreover, the abundant
surface functional groups of g-CQDs such as –OH and –COOH
promote the linking of GNPs through hydrogen bonding and p–

p interactions, which contribute to the formation of a three-
dimensional network structure.70 The 3D network structures
of GNPs/g-CQDs hybrid lles containing 10 wt% GNPs-10 wt%
g-CQDs and 10 wt% GNPs-20 wt% g-CQDs are demonstrated in
Fig. 4(c) and (d), respectively. A bunch of wrinkles and curvature
of the g-CQDs are observed both on and between the GNP
sheets, contributing to a 3D network that enhances dis-
persibility and reduces stacking of GNP sheets by forming non-
covalent functionalization through the adsorption of g-CQDs
onto the surface of GNPs.13,16,71 Furthermore, TEM analysis
(Fig. 5) conrms that g-CQDs with an average size of approxi-
mately 10 nm are uniformly distributed on the surface and
Fig. 4 SEM surface morphology image of (a) GNPs, (b) g-CQDs, and hybr
g-CQDs.

24046 | RSC Adv., 2025, 15, 24040–24052
between sheet of GNPs. This result suggests the ability of g-
CQDs to induce the 3D network formation of GNPs, which
may improve the thermal/electrical conductivity.

The morphology of GNPs-epoxy and GNPs/g-CQDs-epoxy
composites was observed through their fractural surfaces by
SEM. Fig. 6(a) demonstrates a smooth surface of pristine epoxy,
while Fig. 6(b) shows the observation of rougher surface by
infusion of g-CQDs in epoxy matrix due to small size of g-CQDs.
It was expected that g-CQDs could uniformly disperse on epoxy
matrix but could not form 3D network. Comparing between
pristine epoxy and 10gCQD, the fractural surface of the former
showed a brittle-fracture, while the latter showed a ductile-
fracture, suggesting that pristine epoxy is brittle than
10gCQD.72 Fig. 6(c) exhibit rough, wrinkled and high contrast
surface of 5GNP, indicating that there is dispersion of GNPs in
epoxy matrix. Epoxy composites containing GNPs loading more
than 5 wt%. In Fig. 6(g and e) show denser and more packed of
GNPs, but there is no difference between 7 wt% and 10 wt%
loading of GNPs. Fig. 6(d, f, and h) show rougher surface
regions in the composites containing 10 wt% g-CQDs of 5GNP/
10gCQD, 7GNP/10gCQD, and 10GNP/10gCQD, respectively.
This roughness, similar to that observed in Fig. 6(b), is attrib-
uted to interactions between g-CQDs and the epoxy matrix, as
well as the wrinkles and curvatures of g-CQDs on GNPs surface
observed in Fig. 6(c and d). This series of ndings indicates that
g-CQDs can formed 3D network with GNPs in both epoxy and
non-epoxy system.

A SEM image of fracture surface of 10GNP/20gCQD is pre-
sented in Fig. 7(a). Compared to Fig. 6(h), no signicant
difference is observed between the composites containing
10 wt% and 20 wt% of g-CQDs in the GNPs-epoxy matrix.
Fig. 7(b–e) presents the EDX elemental mapping, with Fig. 7(e)
id filler (c) 10 wt% GNPs-10 wt% g-CQDs, and (d) 10 wt% GNPs-20 wt%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images showing the adsorption of g-CQDs onto the surface of GNPs at (a) 600 00× and (b) 1 000 00× magnification.

Fig. 6 SEM images of fracture surface (a) pristine epoxy, (b) 10gCQD, (c) 5GNP, (d) 5GNP/10gCQD, (e) 7GNP, (f) 7GNP/10gCQD, (g) 10GNP, and
(h) 10GNP/10gCQD.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 24040–24052 | 24047
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Fig. 7 (a) SEM image of 10GNP/20gCQD, EDX of (b) C, (c) N, (d) O, and (e) S.
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specically highlighting S element, attributed to impurities in
the g-CQDs. These impurities appear aggregated and scattered
throughout the matrix. However, the SEM-EDX results indicates
that g-CQDs are well-dispersed within the epoxy matrix and
contribute to the formation of a continuous conductive
network. This nding is consistent with the 3D network
formation observed between GNPs and g-CQDs in the absence
of epoxy matrix (Fig. 4(d)).
Thermal and electrical properties of GNPs/g-CQDs-epoxy
composites

The thermal conductivity of GNPs-epoxy composites was re-
ported in several research articles.6,7,9,73 As expected from the
references, the thermal conductivity was increased with
increasing GNPs loading, as shown in Fig. 8(a). The thermal
conductivity of GNPs-epoxy increases by 100% and 150% of
5GNP and 7GNP respectively, with the maximum value of
0.70 W (m K)−1 at 10 wt% of GNPs, which increased by 191.7%
compared to pristine epoxy (0.24 W (m K)−1). It notices that the
thermal conductivity of epoxy composites highly depends on
the intrinsic thermal conductivity of llers, size, shape, and
lling amount of the llers, and the degree of the dispersion of
llers in epoxy matrix.74 The thermal energy from heat sources
can continuously transferred through the vibration of well-
ordered sp2 hybridization of carbon–carbon bonds until it rea-
ches the opposite side of GNPs.75 When GNPs loading
increased, the GNP sheets tend to have good contacts with each
other to create the thermally conductive network, reducing the
phonon-scattering and thermal interface resistance.76,77 The
incorporation of 10 wt% g-CQDs into pristine epoxy resulted in
a slight increase in thermal conductivity to 0.25 W (m K)−1

compared to pristine epoxy. As shown in the SEM image
(Fig. 6(b)) no 3D network was observed within the epoxy
composite, indicating the absence of a continuous thermally
conductive pathway. This is attributed to the well-dispersed yet
isolated nature of g-CQDs within the epoxy matrix, preventing
the formation of an interconnected conductive network.
24048 | RSC Adv., 2025, 15, 24040–24052
Upon incorporation of 10 wt% of g-CQDs into GNPs-epoxy
composites resulted in a thermal conductivity increase by
16.67% and 18.33% for 5GNP/10gCQD and 7GNP/10gCQD,
respectively, compared to 5GNP and 7GNP. The maximum
thermal conductivity of 0.93W (m K)−1 was achieved for 10GNP/
10gCQD, representing a 32.86% improvement compared to
10GNP. In contrast to the lled epoxy composite with g-CQDs
only, the series of results demonstrated that incorporating g-
CQDs into GNPs-epoxy composites exhibits a synergistic effect
of hybrid llers with different sizes. The nanoscale size of g-
CQDs not only enables good dispersion within the epoxy
matrix but also allows them to ll the gaps between GNP sheets,
creating effective thermal conductive networks. Fig. 8(b) shows
the thermal conductivity of g-CQDs-lled samples. By
increasing the g-CQDs loading to 20 wt% further enhanced the
thermal conductivity of 10GNP/20gCQD to 1.05 W (m K)−1,
representing a 50.0% increase compared to 10GNP. This indi-
cates that the thermally conductive network becomes more
robust as the g-CQDs loading increases.

The electrical conductivity of GNPs/g-CQDs-epoxy composites
was determined by Van Der Pauw method using Keithley 2182A
nanovoltmeter is suitable for low resistance materials, only
10GNP can detect the voltage, then the 10GNP/10gCQD and
10GNP/20gCQD were chosen to study effect of g-CQDs infused.
The result is shown in Fig. 8(b). The electrical conductivity of the
10GNP-lled sample is 1.12 × 10−5 S m−1, increased by 7 orders
of magnitude compared to insulating epoxy (approximately 10−12

S m−1).74 Similar to the thermal conductivity, electrically
conductive network is formed by increasing GNPs loading as
observed by SEM in Fig. 6(c, e, and g). By infusing 10 and 20 wt%
of g-CQDs, the electrical conductivity increased to 9.01 × 10−3

and 1.86× 10−2 S m−1, respectively, representing increments of 9
and 10 orders of magnitude. The electrical conductivity of the
GNP/g-CQDs epoxy composites in this work (10−2 to 10−3 S m−1)
is considered relatively high compared to other GNP-based
system reported in the literature, where electrical conductivities
typically range from 10−6 to 10−4 S cm−1, depending on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Thermal conductivity of (a) GNPs-epoxy composites with various GNPs loadings (0, 5, 7 and 10 wt%) with 10 wt% of g-CQDs, (b) thermal
and electrical conductivity of GNPs/g-CQDs-epoxy composites with amount of g-CQDs loading of 0, 10, and 20 wt% on 10 wt% of GNPs.
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particle size, surface area, and loading amount of GNPs.78,79

However, the limited increase in electrical conductivity with
increasing GNP content was primarily attributed to defect
formation and partial agglomeration of the GNPs. The synergistic
effects of GNPs/g-CQDs hybrid nanollers on enhancing thermal
and electrical conductivity of epoxy composites are in line with
other carbon-based hybrid e.g., the use of CNTs and GNPs hybrid
llers that provided superior performance compared to single
one. The highest thermal conductivity was achieved at a CNT :
GNP ratio of 20 : 80, while the highest electrical conductivity was
observed at a reversed ratio of 80 : 20, with a total ller loading of
8 wt%. In this study, the synthesized g-CQDs demonstrate the
ability to prevent the restacking of GNPs, thereby facilitating the
formation of a thermally and electrically conductive network.
This behavior is comparable to the work of Wan et al.,12 using
surfactant-assisted methods to reduce graphene stacking and
enhance compatibility with epoxy resins by adsorbing amphi-
philic surfactants containing both hydrophilic and hydrophobic
groups onto graphene surfaces. Likewise, He et al.13 reported
strong adsorption of GQDs onto graphene surfaces, with GQDs
behaving as amphiphilic molecules due to their simultaneous
hydrophilic and hydrophobic characteristics. g-CQDs not only
can absorb on the surface of GNPs to form electrically conductive
networks with surrounding particles, but can also decrease the
distances among GNP sheets, when GNPs come closer to each
other in a few nanometers, electron can hop or tunnel from one
GNP sheet to another, resulting in drastic improve in electrical
conductivity.80,81 The synergistic interaction between g-CQDs and
GNPs in this study contributed to signicant improvements in
both thermal and electrical conductivities.
Conclusions

In this study, bottom-up synthesis of g-CQDs was successfully
achieved via a graphene oxide vacancies-assisted low tempera-
ture synthesis, employing H2CO3 as the carbon precursor. The
reaction was carried out in a simple beaker-type reactor under
ambient pressure at 72 °C. Graphene oxide vacancies served as
© 2025 The Author(s). Published by the Royal Society of Chemistry
both catalytic sites and nucleation centers for g-CQD formation,
enabling the process to complete within 1 hour. The dialyzed g-
CQD solution exhibited strong yellow luminescence under UV
light, while the freeze-dried g-CQDs self-assembled into a three-
dimensional (3D) network structure. Remarkably, g-CQDs also
induced the 3D network formation of GNPs in both epoxy and
non-epoxy systems, promoting the development of thermally
and electrically conductive networks. As a result, the thermal
conductivity of epoxy composites containing 10 wt% GNPs and
20 wt% g-CQDs increased to 1.05 W (m K)−1, while electrical
conductivity improved by 10 orders of magnitude. This
synthesis approach is simple, eco-friendly, energy-efficient, and
scalable, and highlights the synergistic role of g-CQDs in
enhancing the 3D network structure of GNPs.
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