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A B S T R A C T   

Carbon quantum dots (CDs) are widely used as semiconductor systems, due to their facile synthesis and optical 
characteristics. CDs have been employed to enhance the light emission, UV resistance, and anticorrosive per
formances of epoxy nanocomposites (ENCs). Herein, we investigated the use of CDs to prepare multifunctional 
cycloaliphatic ENCs showing shape recovery capability. Following a waste-to-wealth approach, CDs were ob
tained from humic acid by a hydrothermal route. ENCs containing CDs exhibited photoluminescence, while the 
simultaneous addition of CDs and hexadecyltrimethoxysilane accounted for heat/flame-triggered shape recovery 
capability and hydrophobicity (contact angles as high as 137◦). The polar character of silane-functionalized CDs 
allowed for their segregation at the surface of ENCs, making them very fire resistant. In particular, the CDs 
exerted an outstanding thermal shielding effect on the surface of ENCs, lowering the heat transfer at the 
boundary layer and increasing the time to flaming combustion up to ~ 76 %. Besides, the graphitic nature of CDs 
and their charring behavior led to a huge increase in the back temperature at the ignition point (up to ~ 30 %) 
during burn-through tests. Notwithstanding the low loadings (not exceeding 0.3 wt%) of CDs, ENCs lost their 
structural integrity only after almost 1 min of blowpipe flame application to their surface, whereas the resin 
counterpart degraded in less than 20 s. Besides, cone calorimetry tests carried out on ENCs highlighted a sig
nificant reduction of total smoke release (up to ~ 40 %) compared to unfilled epoxy. Finally, we demonstrated 
the possibility of using multifunctional ENCs containing CDs as unique identification technology for poly
propylene packaging, opening new perspectives on the effective protection of genuine products from 
counterfeiting.   

1. Introduction 

Owing to their excellent properties, epoxy resins are widely 
employed in several industrial applications, such as electronic and 
electrical equipment, coating, packaging, painting, and adhesive 
bonding [1,2]. This class of polymers accounts for ~ 70 % of the global 
thermoset market, with a compound annual growth rate of around 6.46 
% by 2024 [3,4]. The final properties of epoxy resins are strongly 
dependent on the selected curing conditions, employed monomer, and 
curing agent. For example, the use of an aromatic hardener accounts for 
higher thermal stability compared to an aliphatic one. However, most 
cured epoxy systems are easily flammable, and thus different flame re
tardants are used to fulfill stringent requirements in the transport 

industry [5]. Modern technologies for 5G, next-generation networks, 
and sensors in packaging for anti-counterfeiting demand for always 
more multifunctional epoxy coatings able to combine good overall 
properties with transparency and special functions [6,7]. The addition of 
flame retardants and other additives into an epoxy matrix allows for the 
preparation of high-performing flame retardant composite epoxy coat
ings, though these latter may negatively interfere with the normal 
packing of polymer chains, often resulting in a detrimental effect on the 
mechanical behavior [8]. Also, end-of-life multifunctional epoxy coat
ings cannot be easily reprocessed, due to their permanent cross-linked 
network and the presence of many additives (e.g., phosphorus-based 
compounds), which makes their effective reshaping or recovery full of 
hurdles [9,10]. To overcome these issues, the development of self- 
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responsive transparent flame retardant multifunctional epoxy coatings 
showing easy reprocessability would be highly desirable [11]. These 
materials may foster the preparation of safer and more sustainable 
thermosets, keeping interesting optical characteristics and high overall 
performances. 

Carbon-based nanomaterials, such as graphene, nanotubes, and 
quantum dots, are gaining increasing interest as functional fillers for 
conferring specific properties to epoxy resins. Among them, carbon- 
based sub-ten-nanometer nanoparticles, i.e., the carbon dots (CDs), are 
emerging as very promising to replace conventional inorganic semi
conductor quantum dots. CDs can be obtained starting from different 
precursors, like small compounds, bio-derived materials, and synthetic 
polymers. They exhibit outstanding photoluminescence (PL) that has 
opened their use in sensing and imaging, although this peculiar property 
depends on the surface functionalization or passivation of the carbon- 
based nanoparticles and its mechanism has not been clearly explained 
yet [12]. As the air negatively affects the PL features of CDs, some ap
plications have been recently proposed, in which CDs are incorporated 
into epoxy matrices [12,13]. Salehtabar and Ghaemy synthesized pho
toluminescent water-soluble nitrogen-doped CDs derived from gum 
tragacanth polysaccharide and triethylenetetramine by a one-step hy
drothermal carbonization route; the so-obtained CDs were mixed with 
DGEBA to fabricate transparent composite coatings with high emission 
quantum yield (74.69 %) at 460 nm [14]. Also, Lee et al. proposed the 
use of CDs from amine-containing precursors as curing agents of epoxy 
monomers [15]. The so-prepared CDs could be uniformly dispersed in 
the epoxy matrix to provide composites with PL intensity retentions 
beyond 80 % after 8 weeks of storage in ambient conditions, hence 
showing significant potential for anti-forgery applications [15]. 

Due to the huge production of epoxy-based items and their complex 
recycling, the amount of waste has enormously risen over the years. 
Lowering the flammability of epoxy composites and conferring them the 
possibility to be reshaped may significantly extend their lifetime. In 
particular, shape memory polymers (SMPs) are materials able to alter 
their shape in response to a specific stimulus, therefore they can keep a 
temporary shape for a long time and recover their permanent shape 
[16]. Heat stimulus is the most employed, though magnetic fields, light, 
and pH have also been extensively investigated. A recent study estimates 
that the shape memory polymer market, which is currently valued at 
392.4 million USD [17], is predicted to show a compound annual growth 
rate of 21.5 % from 2021 to 2027, due to the growing demand for high- 
performing and commercial shape-morphing products [18]. Due to their 
properties, SMPs can meet the requirements to be used in biomedical 
devices, actuators, and textile materials [19,20]. Besides, SMP com
posites are usually characterized by low production costs, easy pro
cessing, and low density. Yadav et al. incorporated carbon fibers (CFs) 
into an epoxy resin to improve the mechanical properties and shape 
memory effect [21]. They found out that the addition of 1.5 wt% of CFs 
could reduce the recovery time up to ~ 42 % [21]. Liu et al. prepared a 
series of DGEBA-based shape memory nanocomposites cured with 
methylhexahydrophthalic anhydride [19]. The addition of multi-wall 
carbon nanotubes (MWCNT at 0.75 wt% loading) into the polymer 
matrix could significantly increase the mechanical properties at tem
peratures close to the glass transition, the repetition stability, and the 
recovery rate of the shape memory cycles [19]. 

Recently, Guadagno et al. embedded pre-functionalized MWCNT 
(0.5 wt% loading) in a rubber-toughened epoxy formulation to design 
self-healing nanocomposites [22]. They demonstrated that suitable 
fillers can be decorated by covalently bonded moieties able to act as 
hydrogen bond acceptors and donors [22]. The dynamic reversibility of 
hydrogen bonds triggered by an external stimulus (e.g., heat) enables 
the synthesis of shape memory and self-healing materials, where the 
repetition of the repair events makes possible the reshaping of the final 
products [23–25]. As their surface chemistry depends on the used raw 
materials and synthesis route, CDs may be obtained not only at nano
metric size but also full of hydroxyls able to establish reversible bonds 

with both OH groups of cured epoxy and other polar species located in 
the polymer network [26]. Feng et al. provided shape memory capa
bility to a self-extinguishing epoxy composite, keeping unvaried trans
parency, glass transition temperature, and mechanical behavior [27]. In 
particular, DGEBA resin was cured with a 9,10-dihydro-9-oxa-10-phos
phaphenanthrene-10-oxide (DOPO)-modified maleic anhydride curing 
agent, using zinc acetylacetonate hydrate as a catalyst. The application 
of a high-temperature flame could trigger the shape memory effect of the 
flame retardant epoxy thermoset, making easy its reshaping, hence 
demonstrating the suitability of the epoxy system for the manufacturing 
of fire safety tools [27]. 

Lately, Passaro et al. obtained hydrophobic epoxy composite coat
ings by the addition of functionalized hemp microparticles into the 
matrix. The condensation of hexadecyltrimethoxysilane (HDTMS) with 
the hybrid hemp microparticles induced their segregation on the surface 
of epoxy, thus conferring low wettability and anti-icing properties to the 
final products [28]. Similarly, CDs may be functionalized with a hy
drophobic silane and used as a functional additive for DGEBA resin, 
without any chemical modification, to reduce the wettability, and make 
more refractory as well as fire resistant the surface of epoxy coatings. 
Besides, the presence of the CDs embedded into the polymer network 
may enable the reshaping of the epoxy composite and provide a PL 
response. This strategy would expand the range of possible applications 
related to the fabrication of multifunctional epoxy thermosets contain
ing CDs in the sensing and flame retardancy fields. 

In this research work, also following a waste-to-wealth approach, we 
synthesized carbon dots starting from humic acids as bio-waste raw 
material by a simple one-step hydrothermal route. CDs were further 
functionalized using HDTMS as a hydrophobic agent and dispersed at 
two different loadings (namely 0.1 and 0.3 wt%) into a DGEBA resin 
cured by isophorone diamine (IDA) to obtain epoxy nanocomposites. 
Both nanocomposites showed PL capability, though only the one with 
the lowest filler loading showed full transparency. Further, the presence 
of the CDs in the matrix provided the resulting nanocomposites with 
flame-triggered shape memory effect, together with hydrophobicity and 
fire-resistant properties. This multifunctional epoxy thermoset was 
applied as a protective coating on polypropylene films used for pack
aging to demonstrate its suitability for sensing, flame retardant and anti- 
counterfeiting applications. Structural features, morphology, and 
chemical composition of CDs, epoxy nanocomposites, and residual chars 
were investigated by spectrophotometric and microscopy techniques. 
The thermal behavior, switch temperature, and shape recovery rate of 
epoxy nanocomposites before and after flame recovery were thoroughly 
studied. A gas torch coupled with an IR-camera was employed for 
assessing the fire resistance of the composite surface by measuring the 
back temperature and its profile along the time. Cone calorimetry tests 
were carried out to shed light on the fire behavior of the obtained 
nanocomposites. Finally, the mechanical behavior of epoxy nano
composites before and after flame recovery was assessed through flex
ural tests. All these research outcomes clearly highlighted the “all-in- 
one” multifunctionality provided by the designed nanocomposites that 
may pave the way toward advanced applications. 

2. Materials and methods 

2.1. Materials 

A two-component epoxy resin system (SX10) made of a modified 
diglycidyl ether of bisphenol-A (DGEBA) resin and isophorone diamine 
(IDA), a cycloaliphatic diamine hardener, purchased from MATES S.r.l. 
(Milan, Italy), was employed. Hexadecyltrimethoxysilane (HDTMS) 
(>85 %), humic acid sodium salt (HASS), and acetone were purchased 
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) without 
further purification. 
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2.2. Synthesis of carbon dots 

Carbon dots (CDs) were synthesized through a hydrothermal route 
starting from HASS as an organic precursor. For this purpose, 0.125 g of 
HASS were dispersed in 62.5 mL of bidistilled H2O under stirring for 10 
min. Then, the suspension was transferred into a 75 mL Teflon-lined 
stainless-steel autoclave and heated at 200 ◦C for 24 h. Next, the auto
clave was allowed to naturally cool to room temperature and the ob
tained brown solution was centrifuged at 10000 rpm for 15 min to 
separate large particles, while the supernatant was recuperated and 
further subjected to a double-step process based on tip-sonication for 15 
min and filtration through filters with pores of 0.45 μm to break the 
clusters and remove the largest particles. 

2.3. Preparation of epoxy nanocomposites and coatings containing 
carbon dots 

Fig. 1 displays the main steps of the procedure for preparing epoxy 
nanocomposites containing carbon dots. As reported in Table 1, the 
blank epoxy sample (E) was obtained by mixing a specific amount of 
DGEBA resin with acetone, deionized water, and IDA (26 wt% of the 
epoxy). The mixture was poured into a silicone rubber mold (5 × 5 × 0.3 
cm3), then cured overnight (~12 h) at 28 ◦C. Carbon dots were used as a 
filler for the synthesis of DGEBA-based epoxy nanocomposites, at two 
different loadings, namely 0.1 wt% (ECD0.1) and 0.3 wt% (ECD0.3). A 
typical formulation was prepared via a one-pot method by incorporating 
0.1 or 0.3 wt% of CDs, 5 wt% of acetone, 1.5 wt% of water, and 1.0 wt% 
of HDTMS into a certain amount of DGBEA resin (Fig. 1 and Table 1). 
Similar to ECD0.1 and ECD0.3, an epoxy sample filled with acetone, 
water, and HDTMS (ESil) and one containing acetone, water, and 0.3 wt 
% CDs (E-CD) were prepared as counterparts to elucidate the effect of 
these additives on the overall properties of the final cured systems. The 
addition of water and acetone was found to be crucial to obtain a uni
form distribution of CDs within the epoxy matrix, but also to lower the 
viscosity of the resin system. The curing conditions of ECD0.1 and 
ECD0.3 were the same used for the blank epoxy sample. 

2.4. Shape recovery and fire resistance evaluation 

To investigate the heat/flame-shape recovery effect of ECD0.1 and 
ECD0.3, both samples (5 × 1 × 0.3 cm3 size) were heated to 100 ◦C (i.e., 
over the glass transition temperature of the material, see section 3.3) in a 
well-controlled heating chamber and programmed from the original/ 
permanent flat shape (Fig. 1), assumed during the curing process, to a 
temporary bent shape. The programming process was performed by 
pressing the sample against a small steel cylinder (with an angle of ~ 
75◦) during the cooling of the nanocomposite down to room tempera
ture (~27 ◦C). The temperature of the samples was measured by an 
infrared thermometer during each step of the shape programming pro
cedure. The samples that underwent flame-triggered shape recovery one 
time were coded ECD0.1-1R and ECD0.3-1R, while the ones subjected to 
three recovery cycles were named as ECD0.1-3R and ECD0.3-3R. 

Finally, to perform wettability, fire resistance, and shape recovery 
tests, some polypropylene (PP) films (300 × 20 × 0.2 mm3) were used as 
packaging substrates and coated with the one-pot formulations: this way 
it was possible to study the hydrophobicity and the fire response of E and 
ECD0.1 employed as protective and anti-counterfeiting coatings. Before 
starting the deposition, the formulations were stirred and sonicated to 
obtain degassed homogeneous systems. Then, thin layers of ECD0.1 and 
E (used as a reference) were deposited on specific sections of the PP 

Fig. 1. One-pot fabrication of epoxy nanocomposites containing carbon dots (a), exhibiting: high transparency (b), photoluminescence under UV irradiation (c), and 
shape recovery features (d). 

Table 1 
Nominal chemical compositions of the prepared epoxy nanocomposites.  

Sample DGEBA 
(g) 

IDA 
(g) 

CDs 
(wt.%) 

Acetone 
(wt.%) 

Water 
(wt.%) 

HDTMS 
(wt.%) 

E-NC  7.5 – – – – – 
E  7.5 1.95 – 5 1.5 – 
ESil  7.5 1.95 – 5 1.5 1.0 
E-CD  7.5 1.95 0.3 5 1.5 – 
ECD0.1  7.5 1.95 0.1 5 1.5 1.0 
ECD0.3  7.5 1.95 0.3 5 1.5 1.0 

Weight percentages are calculated on (DGEBA + IDA) base. E-NC refers to the 
uncured epoxy resin. 
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substrate and cured following the same procedure adopted for the bulk 
samples. 

2.5. Physicochemical characterization of materials 

2.5.1. Analysis of CDs 
Transmission electron microscopy (TEM) was carried out to assess 

the morphology and size of CDs. A small amount of the obtained sus
pension was deposited onto copper meshes and examined in bright field 
mode with a FEI TecnaiG12 Spirit Twin TEM running at 120 kV accel
eration voltage. 

X-ray diffraction (XRD) was performed to investigate the crystal
line structure of CDs by using a Malvern PanAnalytical diffractometer 
(Malvern, UK) with a nickel filter and Cu K-α radiation. 

Fourier-transform infrared (FTIR) spectra of CDs as powdered 
samples were obtained using a Nicolet 5700 FT spectrometer (Ther
moFisher, Waltham, MA), to confirm the formation of carbonaceous 
nanomaterials as well as to identify the surface functional groups. 

UV-Visible (UV–Vis) spectra of CDs were acquired in the 190–800 
nm range using a SHIMADZU UV-2600i spectrophotometer (Shimadzu, 
Milan, Italy). In particular, 1.0 mL of suspension of CDs was placed in a 
quartz cuvette to carry out the measurements. 

The fluorescence spectra of CDs were recorded at 25 ◦C using a 
Horiba Scientific Fluoromax-4 spectrofluorometer equipped with a 
Peltier control system and 1 cm path length cells. The CDs suspension 
was excited to the specific absorption wavelength, determined by means 
of UV–Vis spectroscopy measurements (integration time: 0.1 s, excita
tion and emission slit width: 5 nm). 

2.5.2. Characterization of the epoxy-based nanocomposites 
FTIR spectra in Attenuated Total Reflectance (ATR) mode of all the 

prepared samples were obtained using a Nicolet 5700 FT spectrometer 
(Thermo Fisher, Waltham, MA) to confirm the completeness of the 
curing procedure and the chemical composition as well. All of the 
spectra were collected using the Thermo Scientific OMNIC Software 
Suite with 32 scans and a resolution of 4 cm− 1. The C = C bonds of the 
benzene rings found in the epoxy resin structure, which are not affected 
by the curing reactions, were associated with some specific bands in the 
spectrum, namely 1607 and 1509 cm− 1, and used to normalize the 
spectra. Also, the chemical features of residual chars produced by cone 
calorimeter tests were analyzed by FTIR spectroscopy. 

UV–Vis transmittance spectra of the nanocomposites were collected 
on thin samples (size: 20 × 20 × 0.7 mm3) in the 200–800 nm range by 
means of a SHIMADZU UV-2600i spectrophotometer (Shimadzu, Milan, 
Italy) equipped with an ISR-2600Plus two-detector integrating sphere. 

To determine the wettability of pure resin and epoxy nano
composites, a Dataphysics OCA 30 instrument was used. The water 
contact angle (WCA) was measured at around 21 ◦C and evaluated by 
posing liquid droplets with a volume ranging from 6 to 9 μL on the 
surface of thermosetting substrates [29]. 

Dynamic mechanical analysis (DMA) was carried out on rectan
gular specimens (size: 35 × 10 × 4 mm3) using a Q800 TA Instrument 
(New Castle, DE, USA) in the single cantilever mode to evaluate the 
storage (E′) and loss moduli vs. temperature of pristine resin and epoxy 
nanocomposites. All the thermosetting samples were characterized 
using a ramp-up of temperature from 30 to 150 ◦C at 2 ◦C/min and 1 Hz 
of frequency. The temperature, at which the highest damping occurs (i. 
e., tan δ max), was employed for evaluating the glass transition tem
perature (Tg) of the prepared epoxy systems. 

Thermogravimetric analysis (TGA) was carried out to study the 
pyrolytic degradation behavior of the unfilled cured resin and its 
nanocomposites. For a typical measurement, 10 mg of sample was 
analyzed in a TA Instrument simultaneous thermoanalyser SDT Q600 
under N2 with a flow of 50 mL/min, and in the temperature range from 
25 to 800 ◦C with a heating rate of 10 ◦C/min. 

The surface chemistry and the residual char morphology of both 

unfilled resin and its nanocomposites were examined using an EVO 15 
scanning electron microscope (SEM) from Zeiss (Oberkochen, Ger
many). An Ultim Max 40 energy-dispersive X-ray (EDX) micro- 
analyzer was coupled with the microscope, integrated with AZtecLive 
software released by Oxford Instruments (High Wycombe, UK). 

A cone calorimeter (Noselab ATS, Monza, Italy) operating with an 
irradiative heat flux of 35 kW/m2 (ISO 5660 standard) was exploited to 
evaluate the fire behavior of pristine resin and epoxy nanocomposites. 
The specimens (10 × 10 × 0.3 cm3) were laid horizontally using a grid. 
The cone calorimetry tests were performed to determine the time to 
flame out (TTFO, s), time to ignition (TTI, s), total heat release (THR, 
MJ/m2), heat release rate (HRR, kW/m2), peak of the heat release rate 
(pkHRR, kW/m2), total smoke release (TSR, m2/m2), carbon monoxide 
yield (CO yield, kg/kg), carbon dioxide yield (CO2 yield, kg/kg) and 
specific extinction area (SEA, m2/kg). 

Burn-through tests were performed on pristine resin and epoxy 
nanocomposites to assess their burn-through resistance toward the 
application of a flame to the front side. The test was carried out using a 
small-scale butane burner apparatus (Cadrim, China). The burner sys
tem generated a flame with a temperature about 1200 ◦C and a front 
heat flux of 170 kW/m2. The rear or back-side temperatures of two sets 
of three specimens (10 × 10 × 0.3 cm3) and their corresponding ignition 
and burn-through times were monitored by a digital data acquisition 
system and an InfraRed camera also working as thermometer (NEC 
Avio Infrared Technologies CO., Ltd., Thermo Gear G100/G120, Tokyo, 
Japan). The burn-through test was conducted according to the config
uration shown in scheme S1. The fire resistance in terms of surface 
flammability of virgin resin and thermosetting nanocomposites was 
evaluated by applying the flame tip of a butane gas lighter in the middle 
of their surface. The time until the sample captured the flame and started 
burning was recorded. The test was performed on two sets of three 
specimens (5 × 1 × 0.3 cm3) for each sample. 

Three-point bending tests were performed according to ISO 178 
standard by using an MTS Insight 30 testing machine [30]. All the ex
periments were conducted at room temperature (22 ◦C) and under 
displacement control by imposing the speed of 1 mm/min. The speci
mens’ nominal thickness h, width b, and length l were equal to 3, 10, and 
60 mm, respectively. A support span L of 45 mm was used. Bar-shaped 
samples were made using a silicone mold and cured at controlled tem
perature and humidity. The flexural stress and strain were calculated 
using the following formulas: 

σf =
3FL
2bh2 (1)  

∊f =
6δh
2b

(2)  

where F is the applied force and δ is the deflection of the beam, i.e., the 
crosshead displacement. The Modulus of elasticity resulted from the 
equation: 

Ef =
Δσf

Δ∊f
(3)  

where the differences in flexural stress Δσf were evaluated in corre
spondence with given flexural strains. A different method for the 
calculation of flexural modulus, based on the classical beam theory 
approach, is provided by the ASTM D790 standard [31]: 

Ef =
mL3

4bh3 (4)  

where m is the slope of the tangent to the initial straight-line portion of 
the load–deflection curve. Negligible differences were found in the re
sults of the experimental activity between the flexural modulus values 
assessed by the two methods. 
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3. Results and discussion 

3.1. Morphological, surface, and optical properties of CDs 

The morphology and dimension of the obtained CDs were charac
terized by TEM, as reported in Fig. 2a. The formation of monodisperse 
pseudo-spherical nanoparticles was observed, with an average size of 
about (10 ± 2) nm. The crystalline nature of CDs was further charac
terized by XRD analysis. As shown in Fig. 2b, a broad peak centered at 2θ 
= 25.81◦ was observed in the pattern: it corresponds to an interlayer 
spacing of 0.36 nm and can be assigned to graphite (002) planes, in 
agreement with previous results obtained for CDs synthesized under 
different conditions [32,33]. The peaks are broad due to the small size of 
CDs and the high value of the interlayer distance, probably ascribed to 
the presence of oxygen functional groups. Indeed, the FTIR spectrum 
(Fig. 2c) shows the peak at about 3408 cm− 1, which is related to the 
stretching of O–H bonds, while the peak at about 1384 cm− 1 is ascrib
able to vibrations of –COOH groups. Both these peaks indicate the 
presence of carboxylic and hydroxyl groups on the particles’ surface 
[34], supporting the evidence of an easy water-dispersibility of hydro
thermally synthesized CDs. The emerging peaks at about 2980 and 2854 
cm− 1 are associated with stretching vibrations of C–H bonds, and the 
peak due to C ¼ C bond vibrations of benzene rings appears at 1600 
cm− 1. The peaks at about 1026 cm− 1 are assigned to the C–O stretching 
vibrations belonging to primary-OH groups [34]. 

As far as the optical properties are considered, Fig. 2d shows the 
UV–Vis absorption spectrum of CDs in an aqueous solution. The single 
peak centered at about 260 nm is due to a π-π* transition of aromatic C 
¼ C bonds and agrees with previous evidences [34,35]. By exciting at 
the absorption wavelength, the CDs suspension shows an emission peak 
centered at about 451 nm (Fig. 2d), which is mainly due to the presence 
of aromatic conjugated structure, quantum size effect, oxygen- 

containing groups and, possibly, surface defects acting as emission 
traps [34,35]. 

3.2. Surface analysis and wettability of epoxy nanocomposites containing 
CDs 

The epoxy-based nanocomposites appear as homogeneous and 
transparent panels (see Fig. 1b), although the sample with the highest 
content of carbon dots (i.e., ECD0.3) shows a more evident brown 
coloration that suggests the formation of some small aggregates of CDs 
dispersed in the matrix. The optical properties of pristine resin (E) and 
epoxy nanocomposites (ECD0.1 and ECD0.3) were investigated by 
UV–Vis spectroscopy. Transmittance spectra (Fig. S1) of thin samples 
confirm the high transparency in the visible range of ECD0.1, whose 
average transmittance between 400 and 800 nm is 79 %, close to that of 
E (86 %). On the other hand, the higher amount of CDs in ECD0.3 and 
the consequent formation of aggregates lead to scattering phenomena, 
resulting in a decrease in the average transmittance (to about 62 %). 
Besides, in agreement with the fluorescence features of CDs (section 
3.1), the addition of the prepared carbonaceous small nanoparticles, 
acting as fluorescent fillers, allows to obtain photoluminescent nano
composites yielding a blue emission under UV illumination (see Fig. 1c). 

The chemical structure of the materials was analyzed by ATR-FTIR 
spectroscopy. Fig. S2 shows the spectra of ECD0.1 and ECD0.3, 
together with those of the blank epoxy resin (E) and uncured DGEBA (E- 
NC). The effective cross-linking of the epoxy through the cure with the 
cycloaliphatic amine hardener is witnessed by the disappearance of the 
band at 912 cm− 1, corresponding to the stretching of the oxirane ring, 
and by the broad band arising around 3400 cm− 1, due to the hydroxyl 
groups formed during the ring-opening reaction. No visible differences 
are seen between the spectra of the cured samples, indicating that the 
presence of the fillers does not alter the chemical profile of the resin, 

Fig. 2. TEM morphology of CDs (a), crystalline structure by XRD (b), surface chemistry by FTIR (c), and absorption/emission behavior by UV–Vis and fluorescence 
spectroscopy (d). 
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while their concentrations are too low to produce detectable vibrational 
bands. The achievement of a complete cure of the nanocomposites 
despite the low curing temperature (28 ◦C) is further confirmed by DSC 
curves (Fig. S3), which highlight the absence of any residual exothermic 
peaks associated with further cross-linking in the first heating ramp. 

The surface morphology and composition of the epoxy nano
composites were investigated by SEM-EDX analysis. Fig. 3 reports the 
SEM images and elemental distribution of the surface for ESil, ECD0.1, 
and ECD0.3. ESil presents a rather smooth surface, which seems to 
become rougher with increasing the CD content. It is interesting to note 
the surface concentration of silicon in the three samples. As it derives 
from the silane only, EDX results seem to indicate the presence of 
HDTMS not only on the outermost layers of the samples but also in their 
bulk. The estimated concentration of Si in ESil (0.1 wt%) is, indeed, 
close to the nominal value, suggesting a uniform dispersion of HDTMS in 
the bulk of the material. The higher contents of Si detected for ECD0.1 
and ECD0.3 reveal the crucial role of CDs in modifying the distribution 
of HDTMS [28,36,37]. As a matter of fact, the higher the loading of CDs 
into the epoxy matrix, the larger the amount of HDTMS located in the 
surface layer, with a good uniformity evidenced by the EDX maps shown 
in Fig. 3. This correlation provides evidence for the interaction between 
the nanoparticles and the silane molecules. A certain amount of HDTMS 
is likely hydrolyzed by the water added to the system and its silanol 
groups can condense with hydroxyls of CDs during the curing process. 
Hence, a functionalization of CDs occurs in situ through the formation of 
chemical or physical bonds (i.e., hydrogen bonds). This association can 
foster the migration of the filler, partly covered by the alkyl chains of 
HDTMS, to the surface of the epoxy resin. 

The wettability of the composite surface is expected to be affected by 
the exposure of CDs and silane. This property is commonly evaluated by 
means of the water contact angle (WCA), which represents the angle 
formed between the outline of the contact surface and the surface of the 
liquid. On the basis of the WCA value, a surface can be categorized as 
hydrophilic (θ < 90◦) or hydrophobic (θ > 90◦), while extremely hy
drophobic surfaces provide a WCA ≥ 150◦. Fig. 3 displays the results of 
static water contact angle measurements performed on the epoxy 
nanocomposites (ECD0.1 and ECD0.3), and, for comparison, on E, ESil, 

and an epoxy sample filled by 0.3 wt% of CDs alone (E-CD). For epoxy 
samples containing the same amount of HDTMS in their formulations 
(namely, ESil, ECD0.1, and ECD0.3), the addition of CDs up to 0.3 wt% 
led to a striking progressive increase of WCA, where ECD0.3 exhibited a 
contact angle close to 150◦, revealing an almost superhydrophobic 
surface. Also, Fig. 3 shows that the incorporation of CDs alone could not 
lower the wettability and thus increased the WCA of the epoxy resin. As 
previously mentioned in section 3.1, the surface of CDs is fully decorated 
by hydroxyl groups, conferring polar characteristics to the nano
structures. These chemical features of CDs are responsible for their 
migration at the interface with air. For this reason, the epoxy sample 
containing CDs alone exhibited a WCA lower than that of the unfilled 
resin, whose surface still shows a typical prevalently non-polar nature. 
Based on the Cassie–Baxter model, a non-textured surface can only lead 
to a maximum WCA of around 130◦, whereas higher WCAs require both 
a rough surface and the support of an efficient hydrophobizing and 
water repellent additive (e.g., fluorine-based or alkyl silanes) [38–40]. 
Therefore, the higher WCA of ECD0.3 than ECD0.1 might be ascribed to 
the greater content of CDs, giving rise to a rougher surface texture on the 
former nanocomposite (see SEM images in Fig. 3). On the other hand, 
the concentration of the nanoparticles at the surface brings an increasing 
amount of bound HDTMS to be exposed, in agreement with EDX results. 

This phenomenon in combination with a rougher surface may 
represent the chemical and morphological contributions responsible for 
the higher hydrophobicity of ECD0.1 and ECD0.3, with respect to pris
tine resin and other thermosets (ESil and E-CD) [41,42]. As a high hy
drophobicity was one of the main objectives of this study, the E-CD 
sample exhibiting hydrophilic character was not further investigated. 

3.3. Thermal behavior of epoxy nanocomposites containing CDs 

Dynamic mechanical analysis was performed to evaluate the visco
elastic response of E, ECD0.1, and ECD0.3 as a function of temperature. 
The maximum of tan δ curves and the corresponding temperatures were 
determined to evaluate the glass transition temperature values (Fig. 4a). 
With respect to ECD0.1 and ECD0.3, E exhibits the highest tan δ values 
(tan δ peak centered at 75 ◦C) and is characterized by a narrow and 

Fig. 3. Pristine resin, epoxy resin filled by HDTMS, and epoxy nanocomposites containing carbon dots: water contact angles (a), SEM images (b) and EDX maps (c).  
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symmetric curve, revealing that such material can easily dissipate the 
application of a load by segmental motions (i.e., energy dissipation 
mechanisms) [43]. Conversely, the tan δ curves of epoxy nano
composites seem to be affected by a broad distribution of relaxation 
phenomena, especially the one referred to ECD0.3, probably due to the 
presence of CDs limiting the molecular motion of polymer chains and 
providing more elastic features to both materials [44–46]. The presence 
of the CDs in the epoxy matrix disturbs the inter-chain interactions and 
thus the packing of chains in the polymer matrix, reducing the ability of 
ECD0.1 and ECD0.3 to dissipate the energy received from a load 
application [47]. This effect of CDs on the polymer network results in 
slightly lower glass transition temperatures of ECD0.1 and ECD0.3 
(respectively, 70 ◦C and 66 ◦C), compared to unfilled epoxy resin 
(Fig. 4a). 

The tan δ curve of ECD0.3 shows the presence of a shoulder at higher 
temperatures, which may be seen as a second glass transition tempera
ture (Tg(ECD0.3)2 = 86 ◦C). CDs dispersed throughout the polymer matrix 
are able to establish hydrogen bonds with the hydroxyl groups formed 
during the cross-linking process [1,48]. Despite the very low CD load
ings (not exceeding 0.3 wt%), these physical interactions significantly 
stiffen the epoxy system. This stiffening effect was also found in other 
epoxy systems containing hybrid organic–inorganic phases or well- 
embedded nanostructures [46,49,50]. Conversely, the very low 
amount of CDs in ECD0.1 does not cause the appearance of a second Tg, 
though the presence of hydrogen bond interactions in such a system 
cannot be excluded [1]. 

These findings well agree with the storage moduli (E′) collected as a 
function of temperature in Fig. 4b. ECD0.1 shows the lowest values of E′ 
in the glassy state region, likely due to the low loading of CDs, leading to 
a predominant disturbance effect of inter-chain interactions in the 
polymer network compared to the stiffening effect. This latter becomes 

predominant in the case of ECD0.3, where the higher amount of CDs 
enables the establishment of more hydrogen bonds, resulting in E′ values 
quite similar to those of unfilled resin (Fig. 4b). However, a limited 
content (0.1, 0.3 wt%) of CDs does not significantly affect the storage 
modulus profile of epoxy: therefore, based on the DMA results, it may be 
argued that the incorporation of very low amounts of CDs into the 
polymer matrix marginally worsens the mechanical properties of the 
resulting materials. This is also confirmed by the flexural stress at 5 % 
strain of E, which is only 17 % and 29 % higher than those of ECD0.1 and 
ECD0.3, respectively (Table 3 in section 3.5). Besides, ECD0.1 and 
ECD0.3 were found to have a slightly lower bending modulus of 8 % and 
16 %, respectively, in comparison to that of the pristine resin. 

Fig. 4c shows the results of the thermogravimetric analyses per
formed on both unfilled epoxy and its nanocomposites containing CDs. 
The measurements were conducted under N2 atmosphere to highlight 
the effects rising from the addition of carbon dots on the pyrolytic 
decomposition of epoxy. Also, Fig. 4d reports the derivative thermog
ravimetric (DTG) curves of E, ECD0.1 and ECD0.3. The incorporation of 
CDs into the epoxy matrix results in a remarkable increase in the initial 
decomposition temperature compared to the pristine resin, especially 
with 0.3 wt% filler content (T5% +14 %, T10% +25 %, see Table 2). CDs 
strongly affect the pyrolytic decomposition of the polymer matrix, 
delaying the start of the devolatilization phenomena, probably due to 
their capability to slow down the heat exchange at the boundary layer. 
This thermal shielding effect of CDs, mainly exerted by those located at 
the surface of epoxy nanocomposites, may be linked to their graphiti
zation (see section 3.1) and silane functionalization [15,51,52]. This 
shielding effect is more effective in the case of ECD0.3, owing to the 
largest amount of CDs enhancing the thermal stability of the polymer 
matrix. However, the use of CDs does not lead to a significant increase in 
the residual char (Table 2), additionally supporting that the filler mainly 

Fig. 4. Tan δ vs. temperature curves of pristine resin and epoxy nanocomposites (a), storage moduli (E′) vs. temperature of pristine resin and its nanocomposites (b). 
TGA (c) and DTG (d) curves in nitrogen. 
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influences the surface properties of the nanocomposites. 

3.4. Switch temperature and heat-triggered shape recovery effect 

Based on their chemical structure, shape memory polymers can be 
classified as thermosetting or thermoplastic SMPs. The switch temper
ature (Tsw) is the temperature, at which the sample starts recovering its 

original shape, moving from a temporary geometry. The Tsw of ther
moset SMPs is usually the glass transition temperature, whereas in the 
case of thermoplastic SMPs can be either the crystal melting temperature 
or the Tg [19,53]. Thermoplastic SMPs are mostly used in civilian 
commodities, while thermoset shape memory epoxies are largely 
employed in the aerospace industry, as these materials are generally 
characterized by easy manufacturing and high Tsw, shape recovery rate, 
and dimensional stability [54]. To assess the Tsw and the shape recovery 
rate of ECD0.1 and ECD0.3, several experimental trials were performed. 
Before starting the experiments, ECD0.1 and ECD0.3 were programmed 
to a temporary bent shape (Fig. 5, where TgECD0.1, TgECD0.3, and TgE 
represent the glass transition temperatures of ECD.01, ECD0.3 and E 
measured by DMA), according to the procedure reported in section 2.4. 
The heating of pristine epoxy and ESil made the samples very rigid and 
brittle, therefore they could not be programmed (Fig. 1) and reshaped. 
Bent ECD0.1 and ECD0.3 were dipped into a water bath kept at different 
temperatures and the time required to recover the original flat shape 
was collected (see Video 1). These measurements were repeated three 
times to assess their reproducibility and accuracy. Fig. 5 reports the 
variation along the temperature of this shape recovery time (SRT). When 
the bath temperature was kept close to the Tg values of epoxy nano
composites, the SRT strongly reduced, and an almost immediate shape 
recovery was observed. Thus, in agreement with other results in the 
literature [19,53], Tsw values of ECD0.1 and ECD0.3 can be considered 
basically the same as their glass transition temperatures. The incorpo
ration of CDs, together with HDTMS, acetone, and water, into the epoxy 
matrix led to very low SRTs at Tsw, namely of 15 s and 18 s, for ECD0.1 
and ECD0.3, respectively. The rapid response to the heat stimulus 
(Fig. 5) of the epoxy nanocomposites was obtained without any chem
ical modification of the polymer matrix, and even with only very low 
loadings of CDs. 

Table 2 
TGA analysis of all samples in N2. T5% is the temperature, at which 5 wt% loss is 
recorded.  

Sample T5% (◦C) T10% (◦C) Tmax (◦C) Residue (wt.%) at 
Tmax 800 ◦C 

E 160 218 365 52 8 
ECD0.1 165 210 369 54 8 
ECD0.3 183 273 372 59 9 
ECD0.1-3R 195 293 370 62 9 
ECD0.3-3R 198 298 372 64 12 

Tmax is the temperature, at which the weight loss rate reaches the maximum; the 
residues at Tmax and 800 ◦C are also reported. 

Table 3 
Flexural properties of E, ECD0.1 and ECD0.3 samples.  

Sample σf (MPa) 95 % C.I. (MPa) Ef (GPa) 95 % C.I. (GPa) 

E 62 ± 1 1 1.62 ± 0.12  0.14 
ECD0.1 51 ± 3 3 1.50 ± 0.06  0.06 
ECD0.1-1R 37 ± 2 3 1.03 ± 0.04  0.04 
ECD0.1-3R 47 ± 5 5 1.40 ± 0.11  0.12 
ECD0.3 44 ± 5 5 1.37 ± 0.12  0.13 
ECD0.3-1R 44 ± 3 3 1.13 ± 0.12  0.12 
ECD0.3-3R 45 ± 3 3 1.21 ± 0.16  0.18  

Fig. 5. Experimental trials by heat induction in a water bath for the identification of the switch temperature of the epoxy nanocomposites. Shape recovery time at a 
specific temperature of the water bath (a), exemplificative representations of possible hydrogen bonding interactions (b). Shape recovery vs. time for ECD0.3 at 
66 ◦C (c). 
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As previously mentioned, the surface chemistry of the carbon dots 
strongly depends on the adopted synthesis methodology and raw ma
terials. Water and acetone were used for the preparation of ECD0.1 and 
ECD0.3 to make the uncured systems more fluid and enhance the 
dispersion of CDs. Besides, both solvents promote the formation of 
reversible hydrogen bonding interactions in the cured thermosets. As 
shown in Fig. 5, acetone and water can establish H-interactions with the 
hydroxyl groups of the cured resin and the hydroxyls present on the 
surface of CDs (see section 3.1). These latter can also give rise to 
hydrogen bonding interactions with the hydroxyl groups belonging to 
the cross-linked epoxy chains. Moreover, partially hydrolyzed HDTMS 
moieties bear available silanol (Si-OH) groups that can participate in 
these interactions, besides binding to the CDs’ surface. Therefore, the 
dynamic network arises from the presence of different hydrogen bond 
acceptors and donors in the thermosetting formulations. Finally, it may 
be hypothesized that two types of functionalized CDs will randomly 
form: one mostly located in the bulk of the polymer matrix, enabling the 
repetition of the repair events of the physical netpoints in the network, 
and another still exhibiting free hydroxy groups able to migrate to the 
composite surface. This latter is also partially decorated by silanizing 
agents. As the carbon dots show nanometric size, their active surface is 
significant, which implies that both types of nanostructures deeply 
modify the properties of the epoxy nanocomposites. It is reported in the 
literature that char residues showing high graphitization degree are very 
effective oxygen and thermal barriers [55,56], especially slowing down 
the heat exchange phenomena during the combustion of polymer sys
tems. In agreement with the results from thermogravimetric analyses, 
the graphitic character of CDs may enable them to exert a strong flame 
retardant action in the condensed phase of burning nanocomposites [8], 
lowering their surface flammability. 

The first type of CDs is responsible for the dynamic reversibility and 
reshaping features of ECD0.1 and ECD0.3, which become even more 
pronounced in thin nanocomposite layers (see Video 2), whereas the 
second one confers hydrophobicity and fire resistance to their surface, 
due to a shell composed of long silicon-containing aliphatic carbon 
chains, belonging to HDTMS, and a graphitized structure [14,57]. The 
occurrence of such mechanisms may provide a reasonable explanation 
for the heat-triggered shape recovery response observed for the epoxy 
nanocomposites in the water bath. Fig. 5 shows that keeping the bath 
temperature in a range between 44 and 62 ◦C, the shape recovery times 
of ECD0.3 are significantly lower than those of ECD0.1, which may be 
ascribed to the higher amount of carbon dots embedded in the polymer 
network, providing superior dynamic reversibility. These differences in 
terms of SRTs pale into insignificance when the bath temperature ap
proaches the glass transition, as the mobility of the polymer chains 
remarkably increases, leading to a less viscous system with more ho
mogeneous physico-chemical properties. 

3.5. Surface flammability and flame-triggered shape recovery effect 

The surface flammability of E, ESil, and the epoxy nanocomposites 
was assessed by applying the flame tip of a gas lighter in the middle of 
their surface and measuring the time to flaming combustion (TTFC) for 
each sample. Fig. S4 reports some typical photos showing the main 
stages of the flammability test, together with an average time referred to 
a specific instant. Unlike E and ESil, epoxy nanocomposites (ECD0.1 and 
ECD0.3) still do not capture the flame after 25 s, due to combined flame 
retardant actions of silane species and carbon dots. The presence of the 
silanol groups in the epoxy matrix of ESil confers acidic characteristics 
to its polymer network, causing the anticipation of the decomposition 
ESil compared to E [58,59]. This earlier decomposition anticipates the 
release of flammable gases and thus the occurrence of flaming com
bustion. The addition of CDs results in a remarkable increase in the TTFC 
up to ~ 76 %. Functionalized carbon dots show on their surface silane 
molecules and residual hydroxyl groups, promoting the dehydration of 
the epoxy matrix during its burning [60,61]. As previously mentioned, 

they are mainly located at the surface of the epoxy nanocomposites, 
hence exerting both charring and thermal shielding effects even from the 
first combustion stages. As these flame retardant mechanisms are due to 
the tailored filler, the TTFC increases with the content of carbon dots 
incorporated into the polymer matrix. 

The flame-triggered shape recovery (FTSR) behavior could be stud
ied only for ECD0.1 and ECD0.3, as it was not possible to obtain bent 
specimens for E and ESil. ECD0.1 and ECD0.3 bent-shaped samples were 
fixed to a holding clamp in a vertical position and the flame tip of a gas 
lighter was applied by moving it along the surface of the samples, 
namely from the clamp to the bottom, till the flat shape could be 
recovered (Fig. 6, Video 3). The high TTFC values of ECD0.1 and ECD0.3 
account for the occurrence of the FTSR of both samples without any 
burning. 

Similarly to the results observed in the case of the heat-triggered 
shape recovery (section 3.4), ECD0.3 exhibits lower SRT values 
compared to ECD0.1. The highest loading of CDs into the epoxy matrix 
leads to a faster reshaping, induced by the flame stimulus, and an 
important decrease in the SRT (by about 29 %). The results of FTSR tests 
agree with DMA outputs. Tan δ curve of ECD0.3 highlighted a pre
dominant stiffness effect and a larger amount of hydrogen bond in
teractions compared to ECD0.1, due to the highest loading of CDs in the 
polymer matrix (Fig. 4a, section 3.3). Based on that, it appears clear that 
the epoxy network of ECD0.3 shows higher reversibility than that of 
ECD0.1. These FTSR tests better elucidate the synergistic action of both 
types of CDs. The functionalized nanoparticles confined at the surface of 
epoxy nanocomposites prevent the flaming combustion of the samples 
during the reshaping, also slowing down the heat transfer to the first 
layers of polymer, while the CDs located throughout the matrix enable 
the shape recovery thanks to the dynamic reversibility of multiple 
hydrogen bonds. The FTSR of ECD0.1 and ECD0.3 was performed three 
times, after programming them in the same temporary bent shape before 
the start of each test. Fig. 6 displays that three FTSR cycles carried out on 
the same samples (see ECD0.1-3R and ECD0.3-3R in Fig. 6b) do not 
show any residual char formed on their surface, which still appear 
transparent and structurally intact. These results demonstrate the 
outstanding and unique capability of epoxy nanocomposites containing 
CDs (even at very low loadings) to combine very low surface flamma
bility with shape recovery features. 

DMA measurements were performed to investigate the effect of 
flame-triggered shape recovery on the viscoelastic response, as a func
tion of temperature, of epoxy nanocomposites. ECD0.1-1R, ECD0.3-1R, 
ECD0.1-3R, and ECD0.3-3R exhibit slightly sharper tan δ curves (Fig. 7a 
and 7b) compared to ECD0.1 and ECD0.3. The FTSR of epoxy nano
composites makes these materials more similar to the pristine resin, 
reducing their elastic behavior and increasing their ability to dissipate 
energy received from a load application [62]. However, the FTSR pro
cess does not significantly affect the mobility of epoxy chains, as the Tg 
values of ECD0.1-1R, ECD0.3-1R, ECD0.1-3R, and ECD0.3-3R are almost 
the same as those of the pristine samples (Fig. 7a and 7b). Fig. 7c and 7d 
display the storage moduli measured as a function of the temperature for 
ECD0.1, ECD0.3, and the above-said samples. After one FTSR cycle, 
ECD0.1 and ECD0.3 exhibit a slight decrease in the values of E′ in the 
glassy state region, with respect to the original nanocomposites. On the 
other hand, unlike ECD0.3, ECD0.1 after three FTSR cycles shows higher 
E′ values compared to the original sample. Regardless of the amount of 
CDs, with the advance of FTSR cycles, progressive strengthening of the 
materials occurs during their plastic deformation [21,63]. The heat 
provided during the FTSR of ECD0.1 and ECD0.3 may induce a partial 
condensation of hydroxyl groups on the surface of CDs and, as a 
consequence, their aggregation [64]. This phenomenon, together with 
the partial volatilization of acetone and water, may reduce the free 
volume between packed polymer chains and cause a hindering effect in 
the epoxy network. The strengthening effect stemming from the 
repeated application of FTSR on epoxy nanocomposites appears evident 
looking at the flexural modulus (Ef) and bending stress (σf) values 
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obtained from three-point bending tests and collected in Table 3. The 
standard deviation and the 95 % confidence interval of the mean value, 
C.I. of these mechanical parameters, were calculated following the ISO 
2602 standard [65]. All the tests were performed up to 5 % of strain 
without any breakage, except for a couple of ECD0.3 samples that 
showed a quite brittle behavior. 

First, it is noteworthy that the application of FTSR cycles causes a 
reduction in the stiffness of samples for both the epoxy nanocomposites 
containing CDs compared to the pristine counterparts. More specifically, 

a single recovery cycle provides a decrease in the elastic modulus of 
about 31 % and 17 %, while three cycles result in a drop of 7 % and 12 
%, respectively for ECD0.1 and ECD0.3 (Table 3). Conversely, no sig
nificant differences in terms of bending stress were observed from the 
tests carried out on ECD0.3, although the resulting standard deviation 
was higher than that observed for ECD0.1 specimens. Finally, in 
agreement with DMA results, the specimens subjected to three FTSR 
cycles (namely, ECD0.1-3R and ECD0.3-3R) exhibit higher Ef and σf at 5 
% strain with respect to ECD0.1-1R and ECD0.3-1R, further confirming 

Fig. 6. Snapshots taken during flame-triggered shape recovery tests for ECD0.1 and ECD0.3 sample, including their SRT (a). The samples, at the end of three flame- 
triggered shape recovery cycles, do not exhibit any residual char on their surface (b). 

Fig. 7. Tan δ vs. temperature curves for pristine epoxy nanocomposites, and one time and three times flame-triggered shape-recovered samples (a, b). Storage moduli 
(E′) vs. temperature curves for the same specimens (c, d). 

A. Bifulco et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 484 (2024) 149327

11

the progressive strengthening of the nanocomposites during their plastic 
deformation. 

To investigate the thermal stability of FTSR epoxy nanocomposites, 
thermogravimetric analyses of ECD0.1-3R and ECD0.3-3R were per
formed under N2. Fig. S5 displays that the shape recovery process does 
not affect the pyrolytic decomposition profile of epoxy nanocomposites, 
which still appears similar to that of typical aliphatic epoxy systems 
[66,67]. However, Table 2 shows that ECD0.1-3R and ECD0.3-3R sam
ples decompose at higher temperatures compared to the as-prepared 
counterparts (see the increase in T5% and T10% and residue at Tmax), 
giving rise to the formation, at the same time, of a higher residual char. 
Based on these results, it seems that the FTSR of epoxy nanocomposites 
enhances the thermal stability of the polymer matrix, possibly due to the 
flame treatment that increases the graphitization of functionalized CDs 
[68–70]. As regards ECD0.1-3R and ECD0.3-3R, this graphitization ef
fect at the surface of nanocomposites significantly slows down the heat 
exchange at the boundary layer, and in combination with a more rigid 
epoxy network postpones the occurrence of decomposition phenomena 
even more than in the case of the pristine samples (Table 2). 

3.6. Fire behavior of epoxy nanocomposites containing carbon dots 

To assess the suitability of ECD0.1 and ECD0.3 to be used as fire 
protective coatings, the burn-through resistance was assessed by a 
homemade test. The configuration and methodology followed to carry 
out the burn-through test is depicted in Scheme S1. The fire response to 
the burn-through of epoxy nanocomposites was compared with the one 
of pristine resin. The flame tip of a gas blowpipe was applied to the 
middle of the sample surface till this latter lost its structural integrity (i. 
e., highlighting the formation of visible cracks or holes throughout the 
epoxy matrix) [71]. The burn-through test was carried out by using an IR 
camera to record the back temperature (TB) profile at the sample surface 
during the flame application. Fig. 8 shows the back temperature profile 
along time for E, ECD0.1, and ECD0.3, together with the IR-images of 
the samples captured at different selected times. Burn-Through time 
(BTT) represents the time, at which the material loses its structural 
integrity. 

When the flame tip of the gas blowpipe is applied to the surface of the 

material, it starts to decompose releasing flammable gases mixing with 
oxygen. As the test is performed by continuously applying the flame, the 
sample captures the flame when the time to ignition and the lower 
flammability limit in the gas phase are achieved. The flaming combus
tion of samples and the loss of their structural integrity are strongly 
dependent on the heat transfer phenomena taking place at the surface of 
the tested materials. Fig. 8 shows that the addition of CDs into the epoxy 
matrix notably increased the TTI (i.e., the time required by the sample to 
capture the flame and start its flaming combustion) up to ~ 150 % 
compared to that of the unfilled epoxy sample. In particular, the flaming 
combustion of ECD0.3 started only when TB was equal to 51 ◦C, while 
the unfilled resin already captured the flame at 40 ◦C. Also, E lost its 
structural integrity at a TB of around 140 ◦C, when ECD0.1 and ECD0.3 
still appeared perfectly intact. It is worth mentioning that the TB of 
ECD0.3 rose up to 140 ◦C very slowly with respect to those of unfilled 
resin and ECD0.1. The time required by ECD0.3 to achieve a TB = 140 ◦C 
was almost 75 % higher than those of E and ECD0.1. Based on these 
results, CDs demonstrate their high efficiency not only in lowering the 
flammability of epoxy but also the heat transfer at the sample surface, 
especially when their content in the matrix is 0.3 wt%. Unlike the un
filled resin, ECD0.1 and ECD0.3 lost their structural integrity after 
almost 1 min (burn-through time) of flame application, whereas E 
degraded forming a visible long crack (Fig. 8) in less than 20 s [71]. 
Besides, the loss of integrity for ECD0.1 and ECD0.3 occurred at a TB 
about 62 % higher than E. The back temperature profiles of ECD0.1 and 
ECD0.3 change their slope at TB around 200 ◦C (Fig. 8), probably due to 
the thermal features of aliphatic epoxy networks, which usually start to 
decompose hardener-containing moieties in a temperature range be
tween 200 and 350 ◦C (see section 3.3). This could explain the low TB 
value (140 ◦C), at which the E sample lost its structural integrity 
compared to ECD0.1 and ECD0.3 (TB values of 349 and 367 ◦C, 
respectively), where the presence of highly graphitized CDs lowers the 
heat transfer at the surface [72,73], fostering the production of an 
abundant amount of char (Fig. S6), able to act as thermal insulator and 
oxygen barrier. Silane-functionalized CDs at the surface of the epoxy 
nanocomposites exert their flame retardant action through the above- 
mentioned condensed phase mechanisms during the first stages of the 
decomposition process: therefore, they are highly suitable to be used as 

Fig. 8. Back temperature (TB) profiles along time collected for E, ECD0.1, and ECD0.3 (a), and IR images of the samples captured at different times during burn- 
through tests (b). 
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filler in the manufacturing of fire protective coatings showing very low 
flammability, remarkable resistance to burn-through and high thermal 
insulating performances. 

To investigate the fire behavior of pristine resin and epoxy nano
composites, cone calorimetry (CC) tests were performed to evaluate 
different fire and smoke parameters. The volatiles are produced by 
exploiting a heat radiation source and their ignition is triggered by a 
spark [27,74]. To highlight the main flame retardant features resulting 
from the use of functionalized CDs, the cone calorimetry tests were 
performed only on pristine resin and ECD0.3, as this sample was proven 
to have the lowest flammability and the best thermal insulating per
formances (see above). CC data are summarized in Tables 4 and 5; Fig. 9 
shows the related Heat Release Rate (HRR) vs. time curves for E and 
ECD0.3 samples. The combustion of unmodified resin and epoxy nano
composite occurs following similar HRR profiles along time, therefore it 
is likely that CDs do not deeply affect the fire behavior of epoxy in terms 
of heat released. However, the incorporation (at 0.3 wt%) of CDs into 
the epoxy matrix leads to a slight decrease (14 %) in HRR compared to 
the virgin resin. On the other side, ECD0.3 exhibits lower TTI and Total 
Heat Release (THR) values than E (Table 4), due to the acidic charac
teristics of CDs, which promote the dehydration of polymer matrix and 
in turn boost the char formation during the combustion [72,75]. 

With respect to E, ECD0.3 shows a lower CO/CO2 ratio, together with 
an increase of the residual mass obtained from CC tests, confirming that 
the flame retardant mechanism takes place in the condensed phase of 
the epoxy nanocomposite (Tables 4 and 5). 

SEM analysis of the chars resulting from CC tests of E and ECD0.3 
(Fig. 10) shows that the combustion of pristine resin produces a carbo
naceous residue characterized by a loose morphology, full of cracks and 
holes, compared to that obtained from the epoxy nanocomposite, which 
appears very compact and continuous. Also, SEM-EDX results highlight a 
significant retention of Si in the residual char of ECD0.3 (Fig. 10), sug
gesting the presence of Si-O-Si polymeric substructures (yellow balls in 
Fig. 9), formed through condensation reactions between silicon- 
containing moieties of HDTMS and hydroxyl groups on the surface of 
CDs. This hybrid char deriving from the combustion of ECD0.3 can 
strongly limit the heat exchange and the oxygen diffusion between the 
gas phase and the polymer matrix, acting as an effective ceramic thermal 
shield during the combustion of the epoxy nanocomposite (Fig. 9). The 
residual chars of E and ECD0.3 were also analyzed by FTIR (Fig. 10). In 
the spectra of the char of ECD0.3 sample, peaks at 638 cm− 1, 802 cm− 1, 
and 871 cm− 1 are ascribed to aromatic C–H vibrations in meta, para, and 
ortho, respectively [76,77]. The presence of such peaks and the disap
pearance of the band at 1226 cm− 1, due to oxygenated species (e.g., 
phenol, 4-isopropylphenol), proves that this char contains more aro
matic structures compared to that of pristine resin. Also, the C = C 
stretching vibration at 1577 cm− 1, combined with the low intensity of 
the band at 3430 cm− 1 linked to O–H stretching vibration, gives evi
dence of carbonization via dehydration of epoxy resin by CDs [46,78]. 
These charring phenomena also occur during the combustion of the 
unfilled resin, although they appear much more relevant in the case of 
the epoxy nanocomposite [8,79]. Finally, the Si–O–Si stretching vibra
tion band at 1086 cm− 1 confirms the presence of silicon-based polymeric 
substructures in the char formed from the combustion of ECD0.3, further 
supporting the generation of a hybrid ceramic char [46,80]. 

The characteristic morphology of this silicon-containing char and its 
effective thermal shielding effect, together with the charring behavior of 
the functionalized CDs (Type II of Fig. 5, section 3.4), mainly located at 

the surface of the epoxy nanocomposite, are responsible for the very low 
surface flammability and high thermal insulating performances. As 
confirmed by CC and burn-through results, the flame retardant action of 
functionalized CDs is particularly effective in improving the fire resis
tance of the surface, while the bulk properties and thus the fire behavior 
of epoxy nanocomposites are not significantly affected. Besides, the 
excellent distribution of graphitized CDs and their small size (section 
3.1) make them able to exert their flame retardant mechanism in the 
condensed phase during the first combustion stages [72,81], resulting in 
an outstanding beneficial effect on the smoke parameters (i.e., TSR and 
SEA) of ECD0.3, which are very low compared to those of E (Table 5) 
[82]. The slowdown of the heat exchange phenomena at the surface of 
nanocomposites causes a delayed production of smoke, as this latter is 
mainly composed of several aromatic compounds (e.g., benzene, naph
thalene), which form during the last stages of the carbonization and gas- 
phase combustion processes at high temperatures (i.e., 800–1000 ◦C). 
The implementation of new materials able to reduce smoke emissions is 
highly desirable in the manufacturing of new technologies, as it mini
mizes the risk to human lives and helps the firemen during evacuations. 
The strategy proposed in this research work may represent a valuable 
methodology to obtain transparent fire protective coatings based on 
aliphatic epoxy nanocomposites, showing sustainable features, and 
using very low loadings (i.e., up to 0.3 wt%) of carbonaceous biowaste- 
derived functional filler. Also, this strategy does not involve the use of 
any halogen or phosphorus-based flame retardant, avoiding depletion of 
natural resources or the release of possible toxic species, even allowing 
for the achievement of unprecedented surface fire resistance [27,74]. 

3.7. Anticounterfeiting features of the epoxy nanocomposites containing 
carbon dots for packaging applications 

Counterfeiting is one of the major concerns that poses significant 
hurdles to consumers and businesses alike. Damages to brand reputa
tion, troubles to consumer safety, and economic losses are some of the 
issues linked to the increase of counterfeit products [83]. To face these 
issues, various anti-counterfeiting strategies and solutions have been 
developed. Unique identification technologies are usually categorized 
into logical security, such as IDs, and physical security, such as holo
grams and others [84,85]. Logical security on a product can be easily 
copied, as the protection method is based on the storage of the IDs in a 
database. Conversely, physical security on the product itself is much 
more difficult to copy, although it often provides no uniqueness to it, 
with respect to the logical security [86]. 

The use of the epoxy nanocomposites proposed in this research work 
may provide uniqueness to the product or its polymer-based packaging, 
as it would allow for incorporating a distinctive element, composed of a 
transparent sensing material, showing properties (i.e., hydrophobicity, 

Table 4 
Results from cone calorimetry tests for the investigated samples.  

Sample TTI (s) TTFO (s) THR (MJ/m2) ΔTHR (%) HRR (kW/m2) ΔHRR (%) pkHRR (kW/m2) Residue (wt.%) 

E 46 ± 3 208 ± 3 81 ± 3 – 294 ± 23 – 1431 ± 62 2 ± 0.7 
ECD0.3 44 ± 1 192 ± 0.5 67 ± 2 − 17 252 ± 21 − 14 1450 ± 81 4 ± 0.5 

TTI = Time To Ignition, TTFO = Time To Flame Out, THR = Total Heat Release, HRR = Heat Release Rate, pkHRR = peak of Heat Release Rate. 

Table 5 
Smoke parameters from cone calorimetry tests for the investigated samples.  

Sample TSR 
(m2/ 
m2) 

ΔTSR 
(%) 

SEA 
(m2/ 
kg) 

ΔSEA 
(%) 

CO yield 
(kg/kg) 

CO2 

yield 
(kg/kg) 

CO/ 
CO2 

E 2428 
± 208 

– 910 
± 35 

– 0.016 
± 0.003 

0.04 ±
0.06  

0.4 

ECD0.3 1451 
± 216 

− 40 812 
± 30 

− 11 0.076 
± 0.003 

0.34 ±
0.05  

0.2 

TSR = Total Smoke Release, SEA = Specific Extension Area. 
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photoluminescence, fire resistance, heat/flame-triggered shape recov
ery), which are very difficult to copy or implement in a single material. 
In addition to anti-counterfeiting opportunities, the application of the 
epoxy nanocomposites containing CDs on packaging polymers would 
reduce the flammability and improve thermal insulating performances 
of this no-charring and very flammable plastic [87], leading to several 
benefits in terms of fire safety. Polypropylene (PP) was selected as 
representative of polymers used for packaging applications [88,89], as it 
is largely employed thanks to very good barrier qualities, excellent 
strength, and superior surface quality at low cost. PP can be blow- 
molded or thermoformed to create different packaging shapes for 
items like personal care products, medical apparatuses, and food. To test 
the suitability of epoxy nanocomposites as protective coatings for 
packaging applications, ECD0.1 was applied on PP films, and its per
formances in terms of hydrophobicity, flame retardancy, and shape re
covery were evaluated. 

3.7.1. Hydrophobic polypropylene substrates coated by epoxy 
nanocomposites containing CDs 

To test the hydrophobicity of PP films coated by pristine resin and 
epoxy nanocomposites, the substrates were clamped to rectangular 
polystyrene support (Fig. S7). The surface of PP substrate was separated 

into three sections (10 × 20 × 0.2 mm3): one uncoated, and the other 
two respectively coated by E and ECD0.1. Based on the flammability 
results, five layers (thickness ~ 300 μm) of both epoxy systems (E and 
ECD0.1) were deposited with a brush and cured following the procedure 
reported in section 2.4. The deposition of these coatings did not cause 
any change in the transparency of the PP substrate. Then, water drops of 
volume in the range of 30–40 μL were placed on each section. Fig. S7 
shows that the water contact angle increased moving from pure PP to the 
section treated by the resin, which is due to the more hydrophobic 
character of epoxy compared to the polyolefin. However, the use of 
ECD0.1 as coating material guaranteed the highest water contact angle, 
demonstrating the establishment of a unique property on the surface of 
the PP film. This new feature of treated PP may be used to protect the 
authenticity of commercial packaging. Besides, PP-based packaging can 
easily swell, therefore the application of ECD0.1 may prevent its dete
rioration caused by the absorption of moisture during the transportation 
or storage of products. 

3.7.2. Flammability of polypropylene substrates coated by epoxy 
nanocomposites containing CDs 

To test their flammability, PP films treated with pristine resin and 
epoxy nanocomposites containing CDs were used as substrates and their 

Fig. 9. Heat release rate (HRR) vs. time of pristine resin and the epoxy nanocomposite containing 0.3 wt% of carbon dots (a). Possible flame retardant mechanisms 
involved (b). 

Fig. 10. FTIR spectra (a) and SEM-EDX images (b), with related abundances, of chars after cone calorimetry test carried out on pristine resin and the epoxy 
nanocomposite containing 0.3 wt% of carbon dots. 
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surfaces were separated into three sections (100 × 20 × 0.2 mm3): one 
uncoated, and the other two respectively coated by E and ECD0.1. E and 
ECD0.1 were deposited and cured by following the procedure reported 
in section 2.4. The PP film was fixed by a holding clamp to a metal 
support, which was placed under a fume cupboard, switching off the 
aspiration during the test (Fig. 11a). 

The flame tip of a gas lighter was applied to all three coated sections 
of the PP substrate and the response of the material was recorded. As 
previously mentioned, PP is a highly flammable no-charring polymer, 
therefore its combustion does not produce carbonaceous residue, but 
combustible gases released in the gas phase. According to the U.S.-based 
National Fire Protection Association, PP belongs to the fire hazard 
classification of four, owing to its high flammability [90,91]. The low 
melting point of PP, ranging from 145 to 195 ◦C, limits its applications to 
some fields, also including packaging. The large diffusion of PP-based 
packaging makes the improvement of its fire behavior an important 
requirement. The application of the flame to the uncoated section of the 
PP substrate caused its melting and slight combustion, with a little char 
residue left on the surface of the material, in less than 1 s (Fig. 11a, Video 
4) [27,92]. Similar results were obtained by applying the flame to the 
sections coated by one layer (thickness ~ 60 µm) of E or ECD0.1. 
However, the deposition of a minimum number of five layers (thickness 
~ 300 µm) on the PP substrate was able to slow down the occurrence of 
decomposition phenomena up to more than 5 s (Fig. 11a, Video 5). The 
section of PP film coated by five layers of ECD0.1 did not show any 
deterioration or color change after the flame application. Conversely, 
the flammability tests performed on the section of PP film coated by five 
layers (thickness ~ 300 µm) of E gave rise to the same result (see Video 
6) observed in the case of one layer. The thermal insulating feature and 
good fire behavior of the epoxy nanocomposite lowered the heat transfer 
and flammability of the PP substrate, imparting not only an additional 
unique property to the packaging material but also more fire safety 
characteristics. 

3.7.3. Flame-triggered shape recovery of polypropylene substrates coated by 
epoxy nanocomposites containing CDs 

PP films coated by epoxy nanocomposites containing CDs could be 
programmed in a temporary shape. The application of a flame to such 
coated PP films could trigger the recovery of their original shape. The 
possibility to change the shape geometry of polymeric materials may 
reduce the amount of plastic waste, as the end-of-life polymer-based 

product may be reused for a new application. On the other side, the 
incorporation in the commercial packaging of elements able to recover 
their shape by a stimulus, such as a flame, may offer the possibility of a 
unique identification technology for the authenticity protection of 
genuine items. 

To test the flame-triggered shape recovery capability of PP films 
coated by ECD0.1, their surface was separated into three sections (100 
× 20 × 0.2 mm3): one located in the middle of the sample and coated by 
ECD0.1 (Fig. 11b), and the other two both uncoated. Five layers 
(thickness ~ 300 µm) of ECD0.1 were deposited with a brush and the PP 
film was fixed in a double bent shape, before being cured as reported 
above (section 2.4), thus making this the original or permanent shape. 
The flame-triggered shape recovery of the double-bent PP film coated by 
ECD0.1 was tested through a configuration similar to the one used for 
evaluating the flammability of treated PP substrates (Fig. 11a). As 
regards the programming step, the flame tip of a gas lighter was applied 
to the section of the double-bent PP film coated by ECD0.1 till the 
sample acquired a temporary flat shape (Fig. 11b). After the flame 
application, the temporary flat shape was definitely established by 
keeping a load at the bottom of the PP film and keeping constant the 
strain during its cooling to room temperature (~27 ◦C). The original 
double-bent shape of the PP film could be recovered by applying the 
flame to the section coated by ECD0.1 (recovering step) and then cooling 
the sample to room temperature without the use of any external force (e. 
g., load). Fig. 11b shows that the flame-triggered shape recovery of PP 
film did not affect its transparency nor cause any decomposition phe
nomenon and char formation. 

It was demonstrated that the epoxy nanocomposite containing car
bon dots can be applied as a coating on PP films, conferring unique 
functionalities to the commercial polyolefin substrate. Based on that, the 
investigated nanocomposites may be considered for the manufacturing 
of unique identification technologies, paving the way to differentiate 
genuine products and their packaging from counterfeits. Also, the 
methodology implemented in this research work may be used to obtain 
shape-recovery polymers for the preparation of smart composites with a 
biowaste-derived functional filler. 

4. Conclusions 

Carbon dots (CDs) represent a valid alternative to the conventional 
inorganic semiconductor quantum dots to design and prepare aliphatic 

Fig. 11. Flammability tests performed on polymeric films made of polypropylene (PP) (a). Schematic representation of the flame-triggered shape recovery process of 
PP films coated by epoxy nanocomposites (b). 
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DGEBA-based epoxy nanocomposites showing photoluminescence and 
sensing features. Here, we demonstrated that CDs can be used alone, 
without any flame retardant additive or chemical modification of the 
polymer matrix, for the preparation of thermosetting nanocomposites 
showing not only transparency and photoluminescence but also high 
hydrophobicity, an intriguing heat/flame-triggered shape recovery 
behavior, and very low flammability as well as smoke emissions. This 
multifunctionality is due to the graphitic nature and surface chemistry of 
these CDs, obtained from a renewable source such as humic acid, which 
makes them a perfect platform for further functionalization. The pro
posed design and synthesis strategies are based on the use of minimal 
amounts (0.1, 0.3 wt%) of CDs together with a sustainable alkylsilane. 
The interactions between CDs and silane molecules enable the carbo
naceous nanostructures to locate at the surface, and their synergistic 
effects allow for the fabrication of epoxy nanocomposites exhibiting fire- 
resistant, poor thermally conductive, and almost superhydrophobic 
surfaces, keeping good mechanical performances after the flame- 
triggered shape recovery process. As highlighted by burn-through 
tests, thermosets containing CDs accounted for increased ignition 
times (up to ~ 150 %) and about three times higher burn-through times, 
with respect to the unfilled epoxy. 

Nowadays, the demand for new low-cost easy-to-prepare multi
functional materials with extendable lifetimes and high performances is 
constantly growing. The use of CDs may offer an extremely advanta
geous solution, as their size, structure, and surface chemistry can be 
tailored and adapted to the needs of specific applications. These nano
materials allow for the synthesis of thermosetting nanocomposites, also 
suitable to be employed as coatings, paving the way for the preparation 
of more functional and sustainable technologies, which could be 
implemented for the manufacturing of anti-counterfeiting tools, fire- 
resistant lightening items, and flexible geometry sensors for 5G 
communication. 
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