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A B S T R A C T   

Here, we demonstrate that pristine CDs, obtained from amine-containing precursors, were available for the 
curing of epoxy monomers. The optical properties and the surface chemical functionality of the CDs depended on 
the nature of the precursors. The CDs showed good compatibility with the epoxy monomer before and during the 
curing reaction, which led to their uniform dispersion in the epoxy matrix. In addition, it was found that the 
direct growth of the epoxy chains on the CD surface led to the effective passivation of the CDs. The CD/epoxy 
nanocomposites showed retentions of more than 80% in PL intensity even after 8 weeks of storage in ambient 
conditions. Together with those beneficial properties, the CD/precursors were readily patterned or printed on 
various substrates. The chemical components of the luminescent CDs are similar with the epoxy matrix and 
furthermore are common in various organic substrates, prohibiting reverse engineering. The combination of the 
CD/epoxy resin showed strong potential for stealth patterning and printing to enhance anti-forgery protection. 
Importantly, the use of CDs as curing agents can be further extended to other various kinds of resins.   

1. Introduction 

Epoxy resins, some of the most important engineering polymers, are 
extensively used for various practical applications such as painting, 
coating [1–3], encapsulating [4–6], and packaging [7,8], owing to their 
excellent mechanical and thermal-/electrical-insulating properties and 
chemical stability [9–13]. The major characteristics of epoxy resins 
depend on the curing conditions, including the type of monomer, type 
and concentration of curing agent and catalyst, and temperature. 
Several different types of curing agents based on amines, amides, and 
acid anhydrides have been developed; among these, amine-based agents 
are the most popular. Typically, the epoxide rings of epoxy monomers 
with a functionality greater than two react with hydrogen atoms on the 
curing agent to yield a cross-linked epoxy resin. Bisphenol A diglycidyl 
ether, a typical epoxy monomer that is commonly derived from the re
action of 2,2-bis(4-hydroxyphenyl)propane (bisphenol A) and 1-chloro- 
2,3-epoxypropane (epichlorohydrin), has been used with curing agents 
such as polyamines, polyaminoamides, and acid anhydrides. Many 
different bisphenol-based epoxy monomers, which are diphenylmethane 

derivatives, have been synthesized and successfully exploited with other 
materials for a wide range of end-user applications. Depending on the 
requirements for specific applications, various combinations of epoxy 
resins, curing agents, and fillers can be formulated to yield the desired 
physical/chemical properties [14]. 

Carbon dots (CDs) belong to a class of carbon-based sub-ten-nano
meter nanoparticles. As suggested by the name, CDs have emerged as 
potential candidates to replace traditional inorganic semiconductor 
quantum dots as they have exhibited similar if not even identical optical 
properties [15–18]. A variety of precursors have been used to produce 
CDs, such as small molecules and natural/synthetic polymers [19–22]. 
Although the origin of the luminescence of CDs remains unclear, some 
can emit strong photoluminescence (PL), which has led to their use in 
imaging, lighting, and sensing [23–28]. It has been found that the op
tical properties of CDs are significantly affected by their surface 
passivation or functionalization [29–32]. Heteroatoms can also be 
incorporated into CDs to tune their optical properties. However, the PL 
properties of CDs tend to rapidly degrade in air, which has been the 
greatest obstacle to their widespread use in practical applications. A few 
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examples of incorporating CDs into epoxy matrices have been reported 
to obtain luminescent composites, in which curing agents and additional 
surface/interface modification steps were required [33–37]. 

In this work, we report the first instance of curing epoxy monomers 
by CDs alone, without any other curing agents, to easily produce lumi
nescent epoxy resins. Three primary-color CDs were prepared using 
three different amine-containing small molecules as precursors via a 
bottom-up approach. Importantly, the amine groups originating from 
the precursor remain on the surface of the CDs to serve as active sites for 
curing of the epoxy monomers. The use of CDs as the curing agent 
allowed for the uniform dispersion of the luminescent, few-nanometer- 
diameter CDs in the epoxy matrix. In addition, the low curing temper
ature of less than 100 ◦C enables easy printing/patterning of the CD/ 
epoxy resin on common substrates, such as papers and textiles, without 
thermal degradation. Furthermore, as the chemical components of the 
CDs are similar to those of the polymeric substrates, we demonstrated 
that epoxy curing by CDs can be used for stealth patterning and printing 
for enhanced anti-forgery applications. 

2. Experimental 

2.1. Materials 

m-Phenylenediamine (m-PDA) (99%), o-PDA (99%), and p-PDA 
(99%) were purchased from Sigma-Aldrich. A low-viscosity bisphenol 
A/F-type epoxy monomer, KD-1818, was obtained from Kukdo Chemi
cal, South Korea. N,N-Dimethylbenzylamine (DMBA, 99%) and ethanol 
(95%) were purchased from Sigma-Aldrich. Methanol (99.8%) and 
methylene dichloride (99%) were obtained from Duksan, South Korea. 

2.2. Synthesis of CDs 

The CDs of different colors, namely blue (BCDs), green (GCDs), and 
red (RCDs), were synthesized through a solvothermal approach using m- 
PDA, o-PDA, and p-PDA, respectively [38]. First, 0.5 g (4.624 mmol) of 
each PDA precursor was dissolved in 50 mL of ethanol. The PDA/ethanol 
solution was placed in a 100-mL-volume autoclave, which was then 
heated to 180 ◦C and maintained for 12 h. After completion of the sol
vothermal reaction, the resulting product was purified via silica gel 

Fig. 1. Photographs of the CDs (left to right: BCDs, GCDs, and RCDs) dispersed in ethanol under (a) room light and (b) 365-nm UV irradiation. UV–visible absorption 
(black lines) and PL emission (colored lines) spectra of (c) BCDs, (d) GCDs, and (e) RCDs. TEM images of the CDs with histograms showing their particle size 
distributions: (f) BCDs, (g) GCDs, and (h) RCDs. 
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column chromatography. 

2.3. Preparation of CD/epoxy resins 

CDs (0.13 g of BCDs, 0.10 g of GCDs, and 0.09 g of RCDs) as the 
curing agent and DMBA (5 w/w% DMBA/CDs) as the catalyst were 
dissolved in ethanol and mixed with the epoxy monomer (1.5 g). The 
mixture was homogenized at 70 ◦C, poured into a silicone mold (20 mm 
in diameter and 5 mm in thickness), and held in a vacuum oven at 70 ◦C 
for 1 h to allow the bubbles to escape. Subsequently, the temperature of 
the oven was raised to 90 ◦C, maintained for 1 h, and finally cooled to 
room temperature. To obtain thin patterns on the substrates, the ho
mogenized CD/epoxy monomer mixture was placed in a vacuum oven at 
90 ◦C for 10 min. Thereafter, the mixture was screen-printed into a 
pattern on a substrate and then heated again in a vacuum oven at 90 ◦C 
for 1 h. 

2.4. Characterization 

A Mecasys Optizen 2120UV spectrophotometer was used to record 
UV–visible absorption spectra of the CDs, and the PL spectra were ac
quired using a Hitachi F-4500 fluorescence spectrophotometer. Fourier 
transform infrared (FT-IR) spectra were obtained using a Shimadzu 
IRAffinity-1S spectrophotometer. X-ray photoelectron spectroscopy 
(XPS) was performed using a Thermo VG Scientific Multilab 2000 
spectrometer, and transmission electron microscopy (TEM) images were 
acquired using a FEI Tecnai G2 F20 electron microscope. The contact 
angles were measured using a SurfaceTech GSA-X goniometer. 

3. Results and discussion 

CDs of different colors, typically blue, green, and red, were synthe
sized from different precursors via a bottom-up approach, and their 
surface functionality was further controlled to initiate the curing of 
epoxy monomers. Three different PDA isomers—m-PDA, o-PDA, and p- 
PDA—were used to obtain BCDs, GCDs, and RCDs, respectively, via a 
solvothermal method. The minor differences in the isomer structures 
have a significant effect on the bottom-up transformation of the pre
cursor molecules into CDs at a high temperature and a high vapor 
pressure. As shown in Fig. 1a, the obtained CDs exhibited excellent 
colloidal stability in ethanol, forming clear solutions. The colors of the 
CD solutions were different even under room light, indicating that they 
possessed different optical bandgaps. Upon a UV irradiation of 365 nm, 
as shown in Fig. 1b, the CDs exhibited the desired blue, green, and red 
emissions. Fig. 1c–e present the UV–visible absorption and PL emission 
spectra of the CDs. The BCDs, GCDs, and RCDs had absorption bands 
centered at 365, 410, and 505 nm and maximum PL emission when 
excited at 445, 515, and 610 nm, respectively. The PL quantum yields 
(QYs) of the BCDs, GCDs, and RCDs in ethanol were measured as 10.3%, 
14.4%, and 20.4%, respectively, under an excitation of 365 nm. 
Furthermore, the PL QYs of the GCDs and RCDs increased to 20.5% 
under 410-nm excitation and 26.5% under 505-nm excitation, respec
tively (Table S1). Fig. 1f–h display the TEM images of the BCDs, GCDs, 
and RCDs. All the CDs had relatively narrow particle size distributions 
without any notable aggregation (see the histograms), with diameters of 
5.1 ± 1.1, 7.1 ± 0.9, and 9.3 ± 1.3 nm for the BCDs, GCDs, and RCDs, 
respectively. The emission wavelengths increased with the diameter of 
the CDs, which is consistent with the trend of inorganic semiconductor 
quantum dots [39]. In addition to the PL characteristics, it should be 
noted that the CDs were highly soluble in ethanol. If the CDs were 

Fig. 2. (a) XP survey spectra and (b, c) high-resolution (b) C 1s and (c) N 1s spectra of the CDs. Deconvoluted components are presented in the high-resolution 
spectra. (d) Relative contents of C, N, and O elements for BCDs, GCDs, and RCDs determined via XPS. (e) Quantitative fitting results of the XP C 1s (C–N) and 
N 1s spectra for the BCDs, GCDs, and RCDs. 
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composed of pure carbon atoms without any surface heteroatoms or 
functional groups, they would not be soluble in polar solvents. However, 
the CDs inherit the nitrogen atoms from the amine groups of the pre
cursors, which likely contributes to their excellent colloidal stability in a 
polar solvent. 

The surface functionality of the CDs was examined using XPS. As 
exhibited in Fig. 2a–c, the XP overview spectra indicated that the CDs 
consisted of carbon, nitrogen, and oxygen atoms, confirming that they 
were generated from the precursor PDA without any contamination. The 
oxygen and nitrogen contents in the CDs were calculated as 4–12% and 

10–20%, respectively (Fig. 2d). Clearly, these polar atoms led to an 
excellent colloidal stability in polar solvents such as ethanol. In addition, 
the heteroatoms endow the CDs with chemical reactivity, and their 
contents were found to be different in each CD sample. To gain further 
in-depth insight into these surface functionalities, the high-resolution XP 
C 1s and N 1s spectra were deconvoluted into sub-components. First, the 
C 1s spectrum of the CDs consisted of three peaks corresponding to four 
functional groups, C–C/C––C, C–N, and C–O, at binding energies of 
approximately 284.3, 285.2, and 286.1 eV, respectively. The functional 
groups based on heteroatoms originate from the precursor PDA (atomic 
ratio of N to C = 1:3) and the ethanol solvent (atomic ratio of O to C =
1:2). The calculated amounts of C–N and C–O components relative to 
the total amount of carbon were 10.9–23.2% and 3.9–12.8%, which 
agree with those of the nitrogen and oxygen atoms, respectively, ob
tained from the overview spectra. The N 1s spectrum of the CDs was 
deconvoluted into three components at binding energies of 398.1, 
398.8, and 399.8 eV corresponding to pyridinic, amino, and pyrrolic 
nitrogen, respectively. The amounts of different N 1s components for 
each CD sample are presented in Fig. 2e. While pyridinic nitrogen has no 
terminal hydrogen atoms, amino nitrogen and pyrrolic nitrogen contain 
two and one hydrogen atoms, respectively. Considering both the C 1s 
(C–N component) and N 1s spectra, the amino nitrogen contents were 
determined as 8.8%, 7.2%, and 12.0% for the BCDs, GCDs, and RCDs, 
respectively, whereas the respective pyrrolic nitrogen contents were 
1.2%, 6.5%, and 6.4%. It is important to note that the hydrogen atoms 
on pyrrolic and amino nitrogen are active in the curing of the epoxy 
monomers. 

The thermal stability of the CD PL emission is highly important for 
practical applications. Charge carriers can be trapped by surface states 

Fig. 3. Variation in PL intensity of the CDs at 30–90 ◦C. (a) PL intensity was 
measured as a function of ambient temperature and plotted by dividing it with 
the initial PL intensity (at 30 ◦C), and (b) photographs showing the PL retention 
of the CDs in the temperature range (left to right, taken at an interval of 10 ◦C 
under 365 nm excitation). 

Fig. 4. (a) Scheme representing the curing of epoxy monomers by the CDs. FT-IR spectra of the (b) CDs and (c) resultant CD/epoxy products (the spectrum of the 
epoxy monomer is provided for a comparison). 
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or defects that are thermally activated at elevated temperatures, leading 
to quenching of the luminescence from CDs [40–43]. Epoxy curing can 
be performed at high temperatures to facilitate reaction kinetics. How
ever, in several applications, it is desirable for curing to be performed 
below 100 ◦C. Therefore, as displayed in Fig. 3, the PL retention of the 
CDs in the temperature range of 30–90 ◦C was measured to examine the 
PL thermal stability. As the ambient temperature increased from 30 to 
50 ◦C, the PL intensity of the CDs remained nearly constant. Upon 
further increasing the temperature from 60 to 90 ◦C, the CDs showed 
only a 5–7% decrease in PL intensity. In general, the luminescent 
characteristics of CDs depend on the nature of the precursors. For 
example, CDs prepared hydrothermally from glucose in the presence of 
glutathione exhibited a ~45% decrease in PL intensity with increasing 
temperature from 30 to 90 ◦C [44]. Thus, it is notable that the PL 
emission of the BCDs, GCDs, and RCDs was well preserved at tempera
tures near 100 ◦C. 

The most commonly used epoxy resin monomers are diglycidyl 
ethers based on bisphenol A and bisphenol F. A low-viscosity bisphenol 
A/F-type liquid epoxy resin, which allows for solvent-free, low-tem
perature curing conditions, was thus selected as a model epoxy mono
mer to evaluate the capability of the CDs as functional curing agents. 
The CDs were mixed with the epoxy monomer at 70 ◦C for homogeni
zation, and the CD-incorporated monomer was cured at 90 ◦C. As 
illustrated in Fig. 4a, functional groups such as amino nitrogen and 
pyrrolic nitrogen atoms are available for monomer curing on the CD 
surfaces. FT-IR spectroscopy was employed to determine if the epoxy 
monomer could be cured using only the CDs without any other curing 

agents. First, the functionalities of the CDs were characterized, as dis
played in Fig. 4b. The three CDs all presented absorption bands related 
to –OH, C––O, C–C, phenolic hydroxyl, and aromatic ether stretching 
vibrations at 3175–3204, 1730–1731, 1491–1511, 1309–1366, and 
1221–1259 cm− 1, respectively. Notably, absorption bands appeared at 
3303–3373 and 1620–1639 cm− 1 corresponding to the primary and 
secondary amine stretching vibrations, respectively, which are consis
tent with the XPS analysis. These amino functional groups on the CDs 
can progress the curing of the epoxy monomer. Fig. 4c presents the FT-IR 
spectra of the used epoxy monomer and resultant CD/epoxy products 
(see also the FT-IR spectra of the uncured mixtures in Fig. S3). The epoxy 
monomer revealed characteristic peaks at 2918–2939, 1606/1507, and 
1232–1031 cm− 1, which are attributable to C–H stretching, C––C/C–C 
stretching in aromatic rings, and C–O–C symmetric/asymmetric 
stretching of aromatic ether and ester groups, respectively. The peak at 
approximately 914 cm− 1 is mainly attributable to the oxirane ring. After 
curing, the intensity of the oxirane ring peak decreased, indicating that 
the ring participated in the curing reaction, and a broad band arising 
from secondary amine (N–H) and –OH stretching vibrations appeared 
at 3360–3371 cm− 1. The decreased oxirane ring peak and appearance of 
–OH and N–H features imply that the curing reaction between the CDs 
and epoxy monomers occurred successfully (see the calculated curing 
degrees in Supplementary Information) [33,45]. 

The uniform dispersion of nanoparticles in polymeric resins remains 
a challenging task that has hindered the practical application of 
nanoparticle-incorporated polymer composites. It is important to note 
that the curing of epoxy monomers by the CDs resulted in CD/epoxy 

Fig. 5. (a) PL spectra of the CD/epoxy nanocomposites under UV excitation (365 nm) (inset: Photographs of the CD/epoxy nanocomposites before and after UV 
irradiation). (b) PL retention against storage time: CD/epoxy nanocomposites versus CDs only. (c) Scheme illustrating the CD/epoxy patterning steps on a substrate 
using a PMMA stamp. Patterns of (d) letters and (e) Arabic numerals stamped on paper under a (above) room light and (bottom) UV lamp (365 nm). 
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nanocomposites without any sophisticated surface treatment or ho
mogenization processes. The CDs were readily mixed with the liquid- 
phase epoxy monomer, and no sedimentation during curing or aggre
gation during post-curing was observed. Fig. 5a displays photos of the 
as-obtained CD/epoxy nanocomposites, which were translucent despite 
the colors of the CDs (see also Fig. S5). This means that the CDs have 
good molecular-level compatibility with the epoxy monomer before and 
during the curing reaction. Upon UV (365 nm) irradiation, the CD/ 
epoxy nanocomposites yielded blue, green, and red emissions, which 
were consistent with the emission colors of the CDs used as the curing 
agents. The PL spectra of the CD/epoxy nanocomposites were also 
similar to those of the corresponding CDs, except that the emission peaks 
were slightly blue shifted (Fig. 5a). The PL QYs of the BCD/epoxy, GCD/ 
epoxy, and RCD/epoxy nanocomposites were measured as 5.3%, 8.6%, 
and 10.2%, respectively, under an excitation of 365 nm. Furthermore, 
the PL QYs of the GCD/epoxy and RCD/epoxy nanocomposites were 
11.4% and 14.1% under 410- and 505-nm excitations, respectively 
(Table S2). Long-term PL stability of the CD/epoxy nanocomposites is 
also crucial for their practical utilization. Thus, the emission intensity of 
the CD/epoxy nanocomposites was monitored under ambient condi
tions, and the results are shown in Fig. 5b. Notably, the PL intensities of 
the CD/epoxy nanocomposites decreased by only 16–20% after 8 weeks 
of storage in air at room temperature. In contrast, the CDs alone 
completely lost their emission capability after the same storage period. 
Therefore, it is believed that the direct growth of epoxy chains on their 
surfaces passivated the CDs. By exploiting their superior properties, the 
liquid-phase CD/epoxy precursors were readily printed or patterned on 
various substrates (e.g., papers, textiles, plastics, and glass) and cured at 
temperatures below 100 ◦C (Table S3). The low temperature curing 
enables easy printing/patterning of the CD/epoxy resin on the substrates 
without thermal degradation and provides moderate mechanical prop
erties suitable for the flexible substrate. More importantly, contrary to 
inorganic semiconductor quantum dots, the constituent elements of the 
CDs (carbon, nitrogen, and oxygen) are common to those of other sub
strates, including the epoxy matrix and the materials mentioned above, 
making reverse engineering impossible. Therefore, curing epoxy resins 
using CDs can be employed for stealth patterning and printing to achieve 
enhanced anti-forgery protection (Fig. 5c). Fig. 5d and e demonstrate 
that the CD/epoxy precursors can be simply stamped on paper and 
mildly heat-treated to yield PL patterns of the nanocomposites. 

4. Conclusions 

Pristine CDs obtained from amine-containing precursors were shown 
to be applicable for the curing of epoxy monomers. The CDs exhibited 
good compatibility with the epoxy monomer before and during the 
curing reaction, which led to their uniform dispersion in the epoxy 
matrix. In addition, the direct growth of epoxy chains on the CD surfaces 
led to their effective passivation. The CD/epoxy nanocomposites showed 
PL intensity retentions of more than 80% after 8 weeks of storage in 
ambient conditions. The chemical components of the luminescent CDs 
are similar to those of the epoxy matrix, as well as the components of 
various organic substrates, thereby prohibiting reverse engineering. 
Thus, the combination of the CD/epoxy resin shows significant potential 
for anti-forgery applications. Furthermore, it is important to note that 
the use of such CDs as curing agents can be extended to other types of 
resins. 
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