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Abstract: Multifunctional self-healing supramolecular structural toughened resins, formu-
lated to counteract the insulating properties of epoxy polymers and integrating auto-repair
mechanisms, are morphologically and spectroscopically characterized using Tunneling
Atomic Force Microscopy (TUNA) and Fourier transform infrared spectroscopy (FI-IR),
respectively. Specifically, the multifunctional resin comprises self-healing molecular fillers
and electrically conductive carbon nanotubes (CNTs) embedded in the matrix. The selected
self-healing molecules can form non-covalent bonds with the hydroxyl (OH) and carbonyl
(C=0) groups of the toughened epoxy matrix through their H-bonding donor and acceptor
sites. An FT-IR analysis has been conducted to evaluate the interactions that the barbiturate
acid derivatives, serving as self-healing fillers, can form with the constituent parts of the
toughened epoxy blend. Tunneling Atomic Force Microscopy (TUNA) highlights the mor-
phological characteristics of CNTs, their dispersion within the polymeric matrix, and their
affinity for the globular rubber domains. The TUNA technique maps the samples’ electrical
conductivity at micro- and nanoscale spatial domains. Detecting electrical currents reveals
supramolecular networks, determined by hydrogen bonds, within the samples, showcasing
the morphological features of the sample containing an embedded conductive nanofiller in
the hosting matrix.

Keywords: tunneling atomic force microscopy (TUNA); epoxy resins; multiwall carbon
nanotubes (MWCNTs); molecular self-healing fillers; multifunctional nanocomposites;
reversible interactions

1. Introduction

The morphological and spectroscopic evaluations of multifunctional epoxy composites,
performed using TUNA and FT-IR, are the primary focus of this research. Multifunctional
self-healing epoxy resins can be formulated to counteract the insulation properties of
epoxy polymers by incorporating self-healing fillers together with electrically conductive
nanofillers. It is well known that the presence of conductive fillers in the polymeric matrices
can confer many functional properties to the final material [1-7]. Self-healing functional
resins have recently been proposed in the literature and represent alternative materials to
thermosetting microencapsulated systems suitable for use as structural materials [8-16].

The design of this kind of self-healing structural polymer heavily relies on concepts
from chain dynamics and polymer physics [17-19]. In the previous papers, CNTs were
functionalized with thymine-based ligands (CNT-t) and barbituric acid (CNT-b) using a
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copper(I)-catalyzed alkyne/azide cycloaddition (CuAAC) click reaction to design materials
with dynamic characteristics. Functionalized carbon nanotubes (CNT-t and CNT-b) were
dispersed into an aerospace-grade epoxy formulation toughened by the reaction between
the carboxyl groups of a carboxyl-terminated butadiene-acrylonitrile liquid rubber (CTNB)
and the epoxy groups of tetraglycidylmethylenedianiline (TGMDA). Due to the strong and
attractive interactions between the rubber phase and the CNT walls, the functionalization
process enables CNT bridges to pass through the epoxy matrix. A self-repair efficiency
of 50% was observed for both functional groups, namely barbiturate- and thymine-based
moieties [8,9]. Generally, to design self-healing materials that maintain the mechanical
properties of high-performance structures, chemicals typical of load-bearing structures
were proposed in the literature [8,9,13,20]. It has been demonstrated that the electrical
percolation threshold (EPT) of self-healing resins containing functionalized CNTs increases
with the functionalization of carbon nanotubes [8,21,22].

This behavior is most likely due to the different morphological parameters of the
functionalized carbon nanotubes and the different CNT distribution determined by the
functionalization. In refs. [8,9], functional groups covalently linked to the carbon nanotubes
activate self-healing mechanisms. Alternatively, fillers/molecules with a chemical structure
that allows them to anchor themselves in a suitable resin and create reversible hydrogen
bridges can be used to impart the self-healing function to the resin [23]. These self-healing
fillers are molecules or compounds containing structural groups capable of donating and
accepting hydrogen bonds. Furthermore, they are compatible with the hosting polymer
matrices and can form strong, reversible, and attractive interactions. They readily produce
the cumulative effects of reversible interactions based on hydrogen bonding in the epoxy
matrix [24-26]. Carbon nanotubes (CNTSs) or other structured forms of carbon can be incor-
porated into the polymer matrix to impart electrical conductivity to the material [27-30].
The presence of the nanofiller may also be beneficial for forming interphase regions be-
tween the filler and the polymeric matrix (for instance, the epoxy matrix in contact with
the CNT or graphene layer walls) [31-34]. The existence of this interphase enables various
materials to work in concert with self-healing fillers while also reducing the occurrence of
microcracks. Using unfunctionalized carbon nanotubes (CNTs) combined with self-healing
fillers represents a valid alternative for developing multifunctional resins. This approach
also allows for a good distribution of carbon nanotubes due to the interactions of the
self-healing filler with the polar group of the resins and the defects on carbon fillers [23].
Furthermore, this approach preserves the structural quality of CNTs that is related to the
aspect ratio or the length-to-diameter ratio [8,35]. The CNT length can be shortened due
to functionalization [9,36,37]. This can be undesirable for applications that need larger
aspect ratios, such as in producing polymeric composites [38,39]. The significant drop
in electrical conductivity observed in the self-repairing samples containing modified car-
bon nanotubes may be partially attributed to this phenomenon [40]. The goal of this
work is to assess the significant innovation represented by the use of unfunctionalized
carbon nanotubes (CNTs) in combination with self-healing fillers to formulate toughened
self-healing supramolecular resins based on hydrogen bonding, as determined through
morphological and spectroscopic analyses. By measuring the fA /pA tip/sample currents
and identifying the distribution of the conductive filler, TUNA enables the morphological
characterization of the conductive samples. The TUNA images’ lateral resolution is almost
equivalent to the tip radius’s end (20 nm). The clearest areas in the TUNA photos show the
more conductive zones. Before undergoing examination via TUNA, the nanocomposites
described in this paper were subjected to etching to highlight the morphological features
of unfunctionalized carbon nanotubes, as well as their distribution within the polymer
matrix and their interaction with the globular rubber domains. It is noteworthy that the
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TUNA technique offers valuable supplementary insights into the conductivity of nanoscale
domains, as it is capable of detecting currents while also providing information regarding
the intricate morphological characteristics of the conductive filler embedded within the
host matrix [41-43]. Unfunctionalized carbon nanotubes, in combination with self-healing
fillers, show a good dispersion in the resin.

The performed characterizations evidence that this specific combination can provide
good solutions for achieving “smart” and “multifunctional” resins with a high Tg, utiliz-
ing commercially available materials without the need for synthesis procedures, thereby
reducing the time and costs associated with the composite formulation.

2. Materials and Methods
2.1. Materials

The selected self-healing fillers are structurally characterized by suitable functional
groups that can form reversible non-covalent bonds with the polymer matrix and each
other. The formulated smart materials are composed of an epoxy matrix loaded with un-
functionalized multiwall carbon nanotubes (CNTs) and self-healing fillers. The information

about the single components used to formulate the samples investigated is illustrated in
Table 1.

Table 1. Information about the single components.

References for

Compound Description Chemical Formula Acronym
Tetra glycidyl methylene dianiline * Tetrafunc‘tli(s)?;ll:%c%ﬁg dp recursor, [44] E
1,4-butanedioldiglycidylether * Reactlii\(/](il(i:lcilluent, [44] B
Carboxyl terminated butadiene Toughening Elastomer, 9,23] C
acrylonitrile ** viscous liquid !
4,4-diaminodiphenyl sulfone * Hardening agent, [44] H
powder
Multiwall carbon nanotubes *** Conductivepf(i)llvséglOO Grade), [9] CNT
1,3-Dimethylbarbituric acid * Self-healing filler, [23,45] D
powder
2-Thiohydantoin * Self-healing filler, [23,45] T
powder
Murexide * Self-healing filler, [23,45] M
powder

* Purchased by Merck (Merck KGaA Darmstadt, Germany). ** Supplied by Hycar-Reactive Liquid Polymers
(Huntsman Corporation, 10003 Woodloch Forest Dr, The Woodlands, TX 77380, USA). *** Purchased by Nanocyl
S.A. (Sambreville, Belgium).

By forming a hydrogen bond with the epoxy matrix they interact with, the self-healing
molecules can more effectively activate the auto-repair mechanism that relies on reversible
non-covalent bonds [9,45-47]. Before the curing stage, they had been dissolved/distributed
throughout the epoxy matrix.

Figure 1 shows a schematic model of the chemical structures of the healing molecules
and the hydrogen bonding interactions they establish with the carbonyl groups (H-bond
acceptor sites) and the hydroxyl groups (H-bond donor sites) of the toughened matrix. The
scheme shows the reversible attractions based on hydrogen bonds with dashed segments.



Polymers 2025, 17, 1294 4 of 24

‘\f‘
e

)

| }‘t T
. Resin network

.Oxigen =
‘\.ﬁﬂ )

Nitrogen / 4 u
@ rives e

Figure 1. A schematic model showing the chemical structures of the healing molecules D, T, M and
the hydrogen bonding interactions that they establish with the carbonyl groups (H-bond acceptor
sites) and the hydroxyl groups (H-bond donor sites) of the toughened matrix.

Table 2 presents the composition and description of the characteristics of the analyzed
samples, along with the associated acronyms.

Table 2. Information about the samples analyzed.

Sample Composition Description Acronym
E+B Uncured viscous liquid sample EB
E+B+C Uncured viscous liquid sample EBC
EB-D
E + B + self-healing filler Uncured viscous liquid sample EB-T
EB-M
EBC-D
E + B + C + self-healing filler Uncured viscous liquid sample EBC-T
EBC-M
E+B+C+H Oven-cured epoxy sample Ep
E+B+C+H+CNT Oven-cured epoxy sample Ep-CNT
Ep-D
E + B + C + H + self-healing filler Oven-cured epoxy sample Ep-T
Ep-M
. Ep-CNT-D
E+ d11uf3fr_1}tl+ lC M If_IliF CNT + Oven-cured epoxy sample Ep-CNT-T
self-healing filler Ep-CNT-M

Oven-cured: two-stage curing cycle, namely 1 h at 125 °C and 3 h at 200 °C.

The preparation of all samples involved using an E/B ratio equal to 80/20. In the
samples containing the elastomeric phase C, the latter was added at a concentration of
12.5 phr with respect to E, and it was covalently bonded to the epoxy precursor through a
reaction catalyzed by triphenylphosphine (PPh3), used at a concentration of 10 phr with
respect to E. The hardening agent H was solubilized in an amount of 55 phr with respect
to E, while the carbon nanotubes and the self-healing fillers were added, respectively, in
the weight percentage of 0.5 wt% and 1.0 wt% with respect to the Ep epoxy sample, whose
compositionis E + B+ C + H.
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The experimental procedures for formulating the samples and covalently functional-
izing the epoxy precursor through the rubbery phase have already been reported in the
literature [9,23,45]. It was demonstrated that by reducing the stiffness of the tetrafunc-
tional epoxy precursor and facilitating the arrangement of hydrogen bonding interactions
through the activation of an auto-repair function, the presence of a rubber phase enables
the formulation to host self-healing mechanisms.

The very low addition of carbon nanofillers makes the samples electrically conductive,
allowing them to reach the electrical percolation threshold (EPT) [45].

2.2. Methods
2.2.1. FT-IR

A Bruker Vertex 70 FI-IR spectrophotometer (Bruker Optics Inc., Billerica, MA, USA)
was used to perform absorbance FT-IR measurements in the 4000-400 cm ! range with a

1

resolution of 2 cm ™", using 32 scans. More information is contained in ref. [8].

2.2.2. FESEM

The formulated samples were morphologically characterized by FESEM (mod. LEO
1525, Carl Zeiss SMT AG, Oberkochen, Germany). A sledge microtome was used to
cut sample sections from solid samples. These slices were etched before the FESEM
observation [9].

2.2.3. TUNA

Data regarding the multifunctional nanocomposites’ topography and local electrical
current were acquired using the TUNA method.

To obtain repeatable results, several regions of the specimens were scanned. The im-
ages were analyzed using the Bruker software Nanoscope Analysis 1.80 (Build R1.126200).

Ref. [48] provides details on the acquisition parameters. The sample slices were etched
before the TUNA observation [9].

2.2.4. Self-Repairing Efficiency Evaluation Tests

The self-healing performance (SH) of all epoxy-cured samples was evaluated using
Tapered Double Cantilever Beam (TDCB) fracture tests, following a method presented in
a previous publication by the authors [45]. These tests enabled the determination of the
critical fracture load values for both the unaltered samples (Py) and the repaired samples
after 24 h (Py), and the ratio of these two parameters was used to compute the healing
efficiency of the materials, as described in Equation (1):

SH =~ » 100 (1)

3. Results and Discussion
3.1. FT-IR Analysis

An FT-IR analysis has been conducted to evaluate the interactions that barbiturate
acid derivatives may form with the components of the toughened epoxy blend. One
effective method for identifying functional groups in compounds is Fourier transform
infrared (FT-IR) spectroscopy [49]. The molecular association is one of the variables
that might cause a functional group’s absorption frequency to vary from its theoretical
value [50]. The molecule segments within a sample can create bonds with other compo-
nents by introducing functional groups. Specifically, they can create intramolecular and
intermolecular hydrogen bonds.
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The molecules under investigation can facilitate hydrogen bonding with the reinforced
matrix due to their donor and acceptor sites, akin to those in the matrix (carbonyl and
hydroxyl groups).

The FT-IR investigation was conducted to evaluate how hydrogen bond interactions
affect the bands belonging to the characteristic functional groups of self-healing molecules
(mainly carbonyl C=0 groups) and the stretching vibration signal of the hydroxyl group
present in the cured resin.

Table 3 presents the chemical formulas of the self-healing fillers to help clarify the
FT-IR spectra.

Table 3. Chemical formulas of self-healing fillers.

Self-Healing Filler Structural Formula

H
0 0
Ho N H
M O/J\N 0 O N/KO
B h

.
NH,

3.1.1. FT-IR Investigation of System Based on Filler D

Figure 2a shows the comparison between the spectrum of filler D alone and the spectra
of the oven-cured epoxy formulations, both loaded and unloaded with filler D, in the
range of wavenumbers between 2000 and 400 cm~!. We can more clearly see that only the
spectra of the samples containing the filler D have a distinctive peak around 1680 cm~!,
thanks to the magnification in Figure 2b’s wavenumber range of 18001550 cm~!. The
imide carbonyl C=O stretching band of the barbiturate acid derivative D may cause this
signal, which falls within the carbonyl group’s frequency range (see chemical structure
in Table 3). Two peaks associated with the carbonyl groups C=0O may be seen in the area
between 1700 and 1650 cm ™! in the spectra of filler D alone (see red curve). Due to the
differing chemical environment, the identical functional group exhibits two distinct bands:
an imide C;=0 stretching group at approximately 1700 cm ! and an imide C,=0 stretching
group at around 1660 cm~! [51]. For cyclic imides with six carbon atoms, the typical
value of the C=0 stretching bond is around 1710-1700 cm~L; however, the presence of two
nitrogen atoms bound to the C,=O group shifts the signal to lower frequencies for inductive
effects [52,53]. These two signals converge into one broad peak around 1680 cm~! when
the filler is added to the toughened epoxy formulations Ep-D and Ep-CNT-D.
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Figure 2. FT-IR spectra of the samples: Ep (green curve), Ep-CNT (black curve), Ep-D (blue curve),
and Ep-CNT-D (light gray curve); filler D (red curve): (a) in the wavenumber range of 2000-400 cm !
and (b) in the enlarged wavenumber range of 1800-1550 cm™ 1.

To perform a more detailed evaluation, a spectral investigation of the uncured liquid
formulations, both loaded and unloaded with filler D, has been conducted (Figure 3a). The
wavenumber range of 1800-1550 cm ! is enlarged in Figure 3b. It illustrates that adding
filler D to the EB liquid mixture maintains the separation of the two peaks. Conversely,
when filler D is incorporated into the toughened epoxy liquid matrix EBC, the peak near
1700 cm ! shifts to a lower frequency, resulting in a single, broader signal.

In light of the above, it can be hypothesized that this change in the band shape of
the C=0 group is a clear demonstration of the involvement of this functional group in
hydrogen bonding interactions (as an acceptor) with the O-H groups of the toughened EBC
mixture. It is worth noting that the toughening reaction between the epoxy precursor E
and the rubber phase C results in the generation of ester carbonyl groups, whose signal
appears at 1732 cm~! (see Figure 3b), and OH groups, which further increase with the resin
curing process [9,23,45].

The EB liquid mixture does not contain hydroxyl groups, and for this reason, the
two carbonyl signals of filler D are most likely still separated, as they cannot be involved
in H-bond interactions.

Finally, it is worth noting that the signal at 1732 cm ™! can also be observed in the
spectra of the Ep-based cured samples, as illustrated in Figure 2b.



Polymers 2025, 17, 1294

8 of 24

- —bD —bD
:
v ' 1700 160
08 M 0.8 .
h
1 i '
i : i
0.0 = 0.0 : :
03 . EBC-D EBC-D ! 1680 !
Lo 0.031 ! '
: i
r 1732 1 0
i
8 0 L © 000 :
c 3 0 —EBD = : :
! (e _ i \
o - © 0.1 ! .
L . o | !
o ' 5 | -
2 i @B 00 \ :
< 0.0 o o] T :
o EBC <€ EBC : 0
i
1 1 B
0.6 . i
2.0 Yo . '
i 1732 '
N . :
A 5 i
0.0 — 0.0 : :
o —EB —EB . i
0.5 ! 0.5 : :
I I AJ\/\
0.0 : 0.0

2000

1600

Wavenumber (cm™)

1200 800 400 1800 1750

Wavenumber (cm™)
(@) (b)

1700 1650 1600 1550

Figure 3. FI-IR spectra of the uncured liquid formulations: EB (black curve), EBC (green curve),
EB-D (blue curve), and EBC-D (light gray curve); filler D (red curve): (a) in the wavenumber range of
2000-400 cm~! and (b) in the enlarged wavenumber range of 1800-1550 cm ™.

3.1.2. FT-IR Investigation of System Based on Filler T

Figure 4a compares the spectrum for the single T filler alongside the spectra of the oven-
cured epoxy formulations, both with and without the T filler, within the wavenumber range
of 2000 to 400 cm~!. The enlarged view of the wavenumber range from 1900 to 1600 cm !,
illustrated in Figure 4b, reveals that only the spectra of the samples containing the T filler
(Ep-T and Ep-CNT-T) exhibit two distinct peaks at approximately 1766 and 1708 cm ™.
Concerning the FT-IR spectrum of the T filler alone (refer to the red curve in Figure 4),
two peaks are observed at around 1785 and 1722 cm !, which are attributed to the C=O
stretching band of the carbonyl functional group present in T.

The filler T may be classified as a cyclic amide with five atoms (a y-lactam). For
this category of compounds, the FI-IR signal corresponding to the C=O bond typically
appears in the range of 1750-1700 em ! (see Table 3 for chemical structure) [54]. There are
two signals for the same carbonyl group because the T molecule has both H-bond donor
(N-H) and acceptor (C=0) groups, which can interact with each other. Thus, the band
at lower wavenumber values is due to C=0O groups involved in intermolecular H-bond
interactions with the N-H groups of another 2-thiohydantoin molecule, while the signal
at higher wavenumbers could be due to free carbonyl groups [55-58]. When the filler is
present in the cured epoxy formulation, these two peaks are shifted to lower wavenumbers,
most likely due to the establishment of new H-bond interactions with the host epoxy matrix.
In particular, some C=0 groups could be involved in H-bonds with N-H groups of other T
molecules, while other carbonyls could interact via H-bonding with the hydroxyl groups
of the thermoset matrix.
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Figure 4. FT-IR spectra of the samples: Ep (black curve), Ep-CNT (green curve), Ep-T (blue curve),
and Ep-CNT-T (light gray curve); filler T (red curve): (a) in the wavenumber range of 2000-400 cm ™!
and (b) in the enlarged wavenumber range of 1900-1600 cm 1.

Concerning the evaluation carried out on the liquid epoxy mixtures (Figure 5), it can
be observed that only when the filler T is added to the toughened liquid blend EBC, the
carbonyl group shows a single broad band (see light gray curve of EBC-T sample), while
when it is dispersed within the EB blend, two signals are still detectable (see blue curve of
the EB-T sample), as the EB blend does not show H-bond donor groups.
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Figure 5. FT-IR spectra of the uncured liquid formulations: EB (black curve), EBC (green curve),
EB-T (blue curve), and EBC-T (light gray curve); filler T (red curve): (a) in the wavenumber range of
2000-400 cm ! and (b) in the enlarged wavenumber range of 1900-1600 em L.
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Similarly, for this system, it can be assumed that the self-healing filler T interacts with
the toughened epoxy matrix through hydrogen bonding.

3.1.3. FT-IR Investigation of System Based on Filler M

In the comparison made for filler M, it was not possible to determine if the same trend
is observed. The eventual presence of any signal shift is likely not discernible because the
bands of filler M overlap with those of the hosting matrix.

Figures 6 and 7 show that the characteristic absorbance bands of the three different
carbonyl groups of the filler M (at 1726, 1690 and 1648 cm !, see red curve) are not observ-
able in the spectra of both cured epoxy samples Ep-M and Ep-CNT-M (see Figure 6a,b)
and liquid epoxy mixtures EB-M and EBC-M (see Figure 7a,b), since these signals fall in
the same wavenumber region of the ester carbonyl at 1732 cm~! and other characteristic
signals belonging to the epoxy precursor, such as the band at 1596 cm ! attributed to the
stretching vibration of the benzene ring [59-61].
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Figure 6. FT-IR spectra of the samples: Ep (green curve), Ep-CNT (black curve), Ep-M (blue curve),

and Ep-CNT-M (light gray curve); filler M (red curve): (a) in the wavenumber range of 2000-400 cem !

and (b) in the enlarged wavenumber range of 2000-1400 em~1,
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Figure 7. FT-IR spectra of the uncured liquid formulations: EB (black curve), EBC (green curve),
EB-M (blue curve), and EBC-M (light gray curve); filler M (red curve): (a) in the wavenumber range
of 2000400 cm~! and (b) in the enlarged wavenumber range of 20001400 cm 1.

3.2. Additional FT-IR Analysis

Additional FT-IR analyses were conducted on the cured samples to better illustrate
the development of H-bonding interactions between the epoxy matrix and the self-healing
fillers. Specifically, a thorough analysis of the absorbance bands of the OH groups has
been conducted for the systems that contain both the CNT and self-healing fillers. Due to
the intermolecular hydrogen bonds formed during the curing cycle, the O-H stretching
signal (3200-3650 cm~!) of an epoxy resin in the solid state appears as a broad band [62].
Nonetheless, information regarding the type of hydrogen bonding interactions can be
gleaned from the band profile in the vicinity of the hydroxyl groups, as well as the presence
of more or less pronounced shoulders and /or additional peaks [63].

A deconvolution has been applied to the signal in the frequency range of 3600-3100 cm !
to examine the O-H stretching band profile in more detail. A mixed Gauss-Lorentz line
shape has been utilized as the peak function, determined by fitting the data using a non-
linear curve that considers the height, full width at half maximum (FWHM), and location
of each component separately. This assessment technique has also been employed in the
literature [64,65]. For each O-H stretching band (refer to the black curve, representing the
actual peak, in Figure 8), this process resulted in the identification of two distinct peaks
(illustrated by the red curves in Figure 8): one peak at elevated frequencies, associated with
free hydroxyl groups, and another peak, which appears at lower frequencies, corresponding
to O-H groups participating in hydrogen bonding interactions as donors. A quantitative
evaluation of the hydrogen bonding interactions present in the composites was facilitated by
the ratio R, defined as the area of the bonded O-H signal (Aoripond) divided by the area of
the free O-H signal (Aop-free). An increased value of this ratio indicates a higher number of
OH groups engaged in hydrogen bonding interactions with self-healing fillers.
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Figure 8. The deconvolution performed on the O-H absorbance band of the FT-IR spectra of the
samples: (a) Ep; (b) Ep-CNT-D; (c) Ep-CNT-T; and (d) Ep-CNT-M.

While Figure 9 displays the values of the ratio R = Agppond / AOH-free fOr the various
formulations, Figure 8 shows the outcomes of the deconvolutions. In particular, the
composite loaded with 1.0 weight percent of the filler M has more H-bonding interactions
due to the presence of the self-healing fillers, which favors the creation of a supramolecular
network that can encourage the activation of self-healing mechanisms [45].
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Figure 9. Values of the ratio R = Agp1pond / AOH-free fOr the different formulations.
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3.3. Morphological Investigation by FESEM and TUNA

FESEM and TUNA analyses were conducted on etched epoxy samples to assess the
distribution of carbon nanotubes and self-healing fillers within the toughened polymer ma-
trix modified with rubber domains. Additionally, reversible self-healing interactions were
investigated, as the molecules’ structures contained groups that could facilitate the formation
of hydrogen bonds between themselves and the epoxy matrix. A closer view of the fillers’
dispersion state is provided by the etching process, which partially removes the surface layers
of the epoxy matrix. Furthermore, to prevent any movement of the rubbery phase chains, the
surface of the examined samples was achieved through fracturing in liquid nitrogen [9]. The
FESEM picture of the toughened epoxy sample, Ep, devoid of CNTs and self-healing fillers
is displayed in Figure 10. On the etched slice surface of the unfilled epoxy sample Ep, we
can clearly see the presence of globular domains of the rubber phase, highlighting their good
distribution and uniform diameters within the rigid continuous phase.

500 ym

Figure 10. An FESEM image of the etched slice of the unfilled epoxy sample Ep.

The identification of globular domains was facilitated by the oxidizing effect of the
etching solution, which preferentially corroded the interface region between the rubber
phase and the matrix, characterized by a lower crosslink density.

The epoxy samples (Ep) loaded with carbon nanotubes (CNTs) alone and with both
carbon nanotubes (CNTs) and self-healing fillers (D, T, and M) were morphologically
characterized by FESEM and TUNA. In this regard, Figures 11-14 show the morpholog-
ical representation: (a) Height, Deflection Error, Friction, and TUNA Current images;
(b) FESEM image; and (c) profile of the current variations in the Ep-CNT, Ep-CNT-D, Ep-
CNT-T, and Ep-CNT-M, respectively. The simultaneous acquisition of multiple TUNA
images, such as Height, Deflection Error, Friction, and TUNA Current, provides a compre-
hensive understanding of the sample’s morphological and electrical properties [66—68]. In
fact, by acquiring these images simultaneously, we can correlate the morphological features
(Height, Deflection Error, and Friction) with the electrical properties (TUNA Current) of the
sample. This complementary information enables a more detailed and accurate characteri-
zation of the sample, facilitating the identification of specific morphological peculiarities
and their impact on the sample’s electrical behavior. This approach turns out to be benefi-
cial. More precisely, the Height image provides topographical information about the sample
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surface, helping to identify surface features, roughness, and the overall morphology of the
sample. The Deflection Error image captures the deviations of the AFM cantilever from its
setpoint during scanning, highlighting fine surface details and edges that may not be visible
in the Height image alone. The Friction image measures the lateral forces experienced by
the AFM tip as it scans the sample, providing insights into the sample’s surface friction
properties that can be related to its material composition and surface interactions. The
TUNA Current image maps the local electrical conductivity of the sample by measuring
the tunneling current between the conductive AFM tip and the sample surface, revealing
the distribution of conductive pathways and electrical heterogeneities within the sample.
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Figure 11. Morphological representation of epoxy sample Ep-CNT: (a) Height, Deflection Error,

Friction, and TUNA Current images; (b) FESEM image; and (c) profile of the current variations.
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Figure 12. Morphological representation of epoxy sample Ep-CNT-D: (a) Height, Deflection Error,
Friction, and TUNA Current images; (b) FESEM image; and (c) profile of the current variations.

Figure 11 presents TUNA and FESEM images of the toughened epoxy matrix Ep
that has been infused with carbon nanotubes (CNTs), referred to as the Ep-CNT sample.
These images enable the identification of the rubber phase, a rigid, continuous phase that
contains embedded CNTs, creating percolated pathways. A nanofiller concentration of
0.5 wt% was selected for all analyzed samples, as it exceeds the electrical percolation
threshold (EPT). Additionally, the carbon nanotubes are predominantly integrated within
the resin. The carbon nanotubes are clearly well attached to the epoxy matrix, suggesting
the existence of robust intermolecular interactions; however, they are not distributed within
the rubber phase. The etching procedure has allowed us to highlight, in addition to an
effective nanocharge dispersion, the good level of distribution of the carbon nanotubes
throughout the resin, forming a solid, continuous, and conductive network that acts as
a bridge between the various areas of the analyzed sample surface. The TUNA Current
image of Figure 11a illustrates a gradient of colors on the scale bar, indicating areas of
varying local electrical conductivity from the darkest to the lightest shades. For the sample



Polymers 2025, 17, 1294

16 of 24

Height

Friction

330.0 nm

330.0 nm

Ep-CNT, which exhibited an electrical conductivity of 2.56 x 1072 S/m [45], the electric
current values were recorded between —506.4 fA and 484.9 fA. This demonstrates that the
current flow, influenced by the tunnel effect of the conductive nanofiller, facilitates the
effective transmission of electrical characteristics to the insulating matrix Ep, which was
determined to have an electrical conductivity of 1.16 x 1074 S/m [45].
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Figure 13. Morphological representation of epoxy sample Ep-CNT-T: (a) Height, Deflection Error,
Friction, and TUNA Current images; (b) FESEM image; and (c) profile of the current variations.

Information on the dispersion of carbon nanotubes in the resin can also be obtained
using the TUNA Current picture. From Figures 12-14—which relate to the three epoxy
samples loaded with carbon nanotubes and self-healing molecules, namely Ep-CNT-D,
Ep-CNT-T, and Ep-CNT-M—we can observe a good distribution of the nanofiller, resulting
in the formation of a continuous conductive network firmly anchored to the epoxy matrix
through reversible non-covalent bonds. For the multifunctional self-healing systems Ep-
CNT-D, Ep-CNT-T, and Ep-CNT-M, the electrical conductivity values of 1.15 x 102S/m,
2.27 x 10%S/m, and 1.29 x 102 S/m were measured, respectively [45]. The obtained
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values of the electric current at the nanoscale are shown in the TUNA Current pictures of
Figure 12a, Figure 13a, and Figure 14a. The electric current values for the sample Ep-CNT-D
range from —351.2 fA to 339.9 fA (refer to Figure 12a). In the case of the sample Ep-CNT-T,
the current values vary from —321.1 fA to 324.2 fA (see Figure 13a), while for the sample
Ep-CNT-M, the current values span from —2.3 pA to 5.0 pA (illustrated in Figure 14a).
Therefore, even in epoxy samples that incorporate self-healing fillers, the current flow
induced by the tunnel effect, facilitated by the conductive nanofiller, significantly enhances
the transmission of electrical characteristics to the insulating matrix.
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Figure 14. Morphological representation of epoxy sample Ep-CNT-M: (a) Height, Deflection Error,
Friction, and TUNA Current images; (b) FESEM image; and (c) profile of the current variations.

The findings of surveying the local surface features through the use of the tunneling
effect have demonstrated that the presence of self-healing fillers in the epoxy matrix
containing carbon nanotubes does not result in a drop in the electric current values. The
addition of self-healing fillers does not affect the conductive paths in the nanocomposites,
and the good electric current values at the nanoscale level, along with the encouraging
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outcomes of the self-healing efficiency tests, validate the success of this strategic approach,
which aims to create a multipurpose load-bearing material with the capacity for auto-
repair. This strategic approach seems to be a valid premise for incorporating self-reactive
functions based on the material’s electrical performance, such as self-sensing, de-icing,
and/or anti-icing based on the Joule effect of the current passing through the composite
material [69-73].

It is worth noting that the profile of the current fluctuations (green, red, and blue
on the right) linked with the TUNA Current image (three white lines on the left) of Ep-
CNT, Ep-CNT-D, Ep-CNT-T, and Ep-CNT-M is depicted in Figures 11c, 12¢, 13c, and
14c, respectively. By noting that the frequency of the current variations related to the
filler/matrix interchanges along the three white lines is relatively constant for the three
nanocomposites, it is easy to assess how evenly dispersed the nanocharged materials are
within the matrix.

Figure 15 shows the CNT size distribution. The histogram of the relative frequency
[%] versus the CNTs’ diameter [um] was obtained from all FESEM images of the analyzed
nanofilled systems, Ep-CNT, Ep-CNT-D, Ep-CNT-T, and Ep-CNT-M, shown in Figures 11,
12,13, and 14, respectively.
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Figure 15. CNT size distribution. Histogram of relative frequency [%] versus CNT’s diameter [um]
obtained from all FESEM images of analyzed nanofilled systems Ep-CNT, Ep-CNT-D, Ep-CNT-T, and
Ep-CNT-M, shown in Figures 11, 12, 13, and 14, respectively.

Combining unfunctionalized carbon nanotubes (CNTs) with self-healing fillers repre-
sents a novel approach in developing multifunctional composites, offering distinct advan-
tages over traditional functionalized CNT systems. This strategy addresses key challenges,
such as maintaining electrical conductivity through the preservation of intrinsic properties,
enhancing the healing efficiency, and achieving a uniform dispersion, thus leading to
a significant advancement in the field of smart materials, as highlighted by recent stud-
ies [7,74=79]. These developments position the use of unfunctionalized CNTs as a promising
alternative, addressing challenges like scalability and cost-effectiveness while maintaining
a high performance. This study is very promising and is placed within a scenario of inter-
esting technological implications in the research field, where the demand for increasingly
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high-performance materials is continuously evolving, and a significant challenge remains
in developing key materials for multifunctional advanced systems suitably designed for
real-world applications [80].

3.4. Self-Repairing Efficiency Evaluation Tests

To evaluate the self-repairing functionality of the investigated nanocomposites, values
of the critical fracture load of the virgin sample (Py) and the healed samples (Py) are
reported in the histogram of Figure 16. Self-repairing efficiency evaluation tests were
conducted for the nanocomposites loaded with self-healing fillers (Ep-CNT-D, Ep-CNT-
T, and Ep-CNT-M). More precisely, the self-repairing efficiencies (Sg) were calculated
using Equation (1), as described in Section 2.2.4. The values of Sy higher than 65% were
obtained for all the samples. Given the high healing efficiency values, we can assume
that the different components (CNT and self-healing filler) work in concert to create a
supramolecular network that can trigger the self-healing mechanisms if they interact
synergistically. In this regard, it is worth noting that the epoxy matrix inherently possesses
a modest ability to auto-repair due to the large number of -OH groups formed during
the crosslinking process, which gives the structure its hardened form. The polymerized
epoxy resins (cured with primary aromatic amines, like the DDS) can likewise experience
reversible hydrogen interactions from the -OH groups. In contrast, for the reference sample
Ep-CNT, the presence of CNTs alone results in a 15% increase in healing efficiency when self-
healing fillers are not used [45]. Therefore, the simultaneous presence of carbon nanotubes
(CNTs) and self-healing fillers (D, T, and M) determined an increase in the self-healing
capacity of the nanocomposites. In fact, high Sy values, i.e., 81.1% for Ep-CNT-D, 65.5%
for Ep-CNT-T, and 98.9% for Ep-CNT-M, were recorded. The self-healing efficiency values
of the nanocomposites are strictly connected to the chemical structure of the self-healing
fillers, that is, to the type and quantity of functional groups present in the molecule that
are able to participate in the hydrogen bonds. The highest Sy value was exhibited by the
sample loaded with the filler M, having more hydrogen bonding donor and acceptor sites
than the other two compounds, D and T.
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Figure 16. A histogram of the values of both the critical fracture load of the virgin samples (Py) and the
healed samples (Py) for the cured nanocomposites: Ep-CNT, Ep-CNT-D, Ep-CNT-T, and Ep-CNT-M.
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4. Conclusions

In this paper, we characterized the multifunctional self-healing supramolecular sys-
tems from both morphological and spectroscopic perspectives, using the TUNA technique
and FI-IR, respectively.

The FT-IR analysis demonstrated the establishment of H-bonding interactions between
the epoxy matrix and the self-healing fillers. A quantitative assessment of the hydrogen
bonding interactions existing within the composites was made possible by the ratio R,
which is defined as the area of the bonded O-H signal (Aop.pond) divided by the area of the
free O-H signal (App-free)- An elevated value of this ratio signifies a greater quantity of OH
groups involved in hydrogen bonding interactions with self-healing fillers. The examined
self-healing systems include unfunctionalized CNT nanoparticles, which can maintain
their electrical properties more effectively, and compounds or molecules possessing groups
within their structure that can facilitate the formation of hydrogen bonds. The compatibility
of self-healing molecules with the hosting matrix is also effectively demonstrated through
the TUNA morphological analysis which allows us to detect how the intrinsic ability
to easily create the cumulative effects of the reversible interactions, based on hydrogen
bonding in the matrix or epoxy network, translates into the formation of a continuous
conductive network over the entire surface. From the TUNA analysis, we can observe a
good distribution of nanofiller in all three samples (Ep-CNT-D, Ep-CNT-T, and Ep-CNT-M),
resulting in the formation of a continuous conductive network strongly anchored to the
epoxy matrix through reversible non-covalent bonds. From TUNA Current pictures, the
electric current values at the nanoscale for the sample Ep-CNT-D range from —351.2 fA to
339.9 fA. In the case of the sample Ep-CNT-T, the current values vary from —321.1 fA to
324.2 fA, while for the sample Ep-CNT-M, the current values span from —2.3 pA to 5.0 pA.
Therefore, even in epoxy samples that contain self-healing fillers, the current flow generated
by the tunnel effect, enabled by the conductive nanofiller, substantially improves the
transmission of electrical characteristics to the insulating matrix. The results of the electrical
performance, which characterizes the conductive nanodomains of nanocharged resins, have
shown that the incorporation of self-healing fillers in the epoxy matrix containing carbon
nanotubes does not lead to a decrease in the electric current values. TUNA measurements
validate the formation of a percolation pathway in the nanocomposites exceeding the
electrical percolation threshold (EPT).

Author Contributions: Conceptualization, L.G. and M.R.; methodology, L.G., E.C.,, M.C. and M.R;;
software, R.L., L.V. and FA.; validation, L.G., E.C., R.L.,, M.C. and M.R,; formal analysis, E.C., EA,,
L.V, M.C. and M.R,; investigation, E.C., R L., EA., L.V. and M.R,; resources, L.G.; data curation, L.G.,
R.L., L.V, M.C. and FA.; writing—original draft preparation, E.C. and M.R,; writing—review and
editing, L.G. and M.R,; visualization, E.C., R.L., L.V, M.C. and FA_; supervision, L.G. and M.R.;
project administration, L.G. and M.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Tian, K; Zhao, G.; Hu, D.; Li, R.; Wei, Q.; Fu, Q.; Deng, H. Magnetic and electrically conductive polyurethane composites with

high content of two functional fillers base on “Root” inspired microstructure. Compos. B Eng. 2023, 252, 110512. [CrossRef]
2. Yun, G,; Tang, S.Y.; Lu, H.; Zhang, S.; Dickey, M.D.; Li, W. Hybrid-Filler Stretchable Conductive Composites: From Fabrication to
Application. Small Sci. 2021, 1, 2000080. [CrossRef]


https://doi.org/10.1016/j.compositesb.2023.110512
https://doi.org/10.1002/smsc.202000080

Polymers 2025, 17, 1294 21 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

Osman, A.; Elhakeem, A.; Kaytbay, S.; Ahmed, A. A comprehensive review on the thermal, electrical, and mechanical properties
of graphene-based multi-functional epoxy composites. Adv. Compos. Hybrid. Mater. 2022, 5, 547—-605. [CrossRef]

Kopsidas, S.; Olowojoba, G.B. Multifunctional epoxy composites modified with a graphene nanoplatelet/carbon nanotube hybrid.
J. Appl. Polym. Sci. 2021, 138, €50890. [CrossRef]

Longo, R.; Guadagno, L.; Lamberti, P. Electromagnetic Characterization of Polycaprolactone electrospun nanofibers filled with
Fe304 Nanoparticles. In Proceedings of the 2020 4th International Symposium on Multidisciplinary Studies and Innovative
Technologies (ISMSIT), Istanbul, Turkey, 22-24 October 2020; pp. 1-5. [CrossRef]

Fauche, R.; Windey, R.; Pfeiffer, H.; Seveno, D.; Wevers, M. Effects of Water Uptake on the Electrical Properties of Carbon
Black-Epoxy Nanocomposites. ACS Appl. Nano Mater. 2024, 7, 3610-3619. [CrossRef]

Shen, P; Jiang, Z.; Viktorova, J.; Pollard, B.; Kumar, A.; Stachurski, Z.; Connal, L.A. Conductive and Self-Healing Carbon
Nanotube-Polymer Composites for Mechanically Strong Smart Materials. ACS Appl. Nano Mater. 2023, 6, 986-994. [CrossRef]
Guadagno, L.; Vertuccio, L.; Naddeo, C.; Calabrese, E.; Barra, G.; Raimondo, M.; Sorrentino, A.; Binder, W.H.; Michael, P; Rana, S.
Reversible Self-Healing Carbon-Based Nanocomposites for Structural Applications. Polymers 2019, 11, 903. [CrossRef]
Guadagno, L.; Vertuccio, L.; Naddeo, C.; Calabrese, E.; Barra, G.; Raimondo, M.; Sorrentino, A.; Binder, W.H.; Michael, P; Rana, S.
Self-healing epoxy nanocomposites via reversible hydrogen bonding. Compos. B Eng. 2019, 157, 1-13. [CrossRef]

Nik Md Noordin Kahar, N.N.E; Osman, A.E; Alosime, E.; Arsat, N.; Mohammad Azman, N.A.; Syamsir, A.; Itam, Z.; Abdul
Hamid, Z.A. The Versatility of Polymeric Materials as Self-Healing Agents for Various Types of Applications: A Review. Polymers
2021, 13, 1194. [CrossRef]

Zhang, F.; Zhang, L.; Yaseen, M.; Huang, K. A review on the self-healing ability of epoxy polymers. J. Appl. Polym. Sci. 2021,
138, €50260. [CrossRef]

Guadagno, L.; Vertuccio, L.; Barra, G.; Naddeo, C.; Sorrentino, A.; Lavorgna, M.; Raimondo, M.; Calabrese, M. Eco-friendly
polymer nanocomposites designed for self-healing applications. Polymer 2021, 223, 123718. [CrossRef]

Kausar, A.; Ahmad, I.; Maaza, M.; Bocchetta, P. Self-Healing Nanocomposites—Advancements and Aerospace Applications. J.
Compos. Sci. 2023, 7, 148. [CrossRef]

Banerjee, P.; Kumar, S.; Bose, S. Thermoreversible Bonds and Graphene Oxide Additives Enhance the Flexural and Interlaminar
Shear Strength of Self-Healing Epoxy/Carbon Fiber Laminates. ACS Appl. Nano Mater. 2021, 4, 6821-6831. [CrossRef]

Paolillo, S.; Bose, R.K.; Santana, M.H.; Grande, A.M. Intrinsic Self-Healing Epoxies in Polymer Matrix Composites (PMCs) for
Aerospace Applications. Polymers 2021, 13, 201. [CrossRef]

Gong, Z.; Huang, J.; Cao, L.; Xu, C.; Chen, Y. Self-healing epoxidized natural rubber with ionic/coordination crosslinks. Mater.
Chem. Phys. 2022, 285, 126063. [CrossRef]

Roy, N.; Bruchmann, B.; Lehn, ] M. DYNAMERS: Dynamic polymers as self-healing materials. Chem. Soc. Rev. 2015, 44, 3786-3807.
[CrossRef]

Yu, K.; Xin, A.; Wang, Q. Mechanics of self-healing polymer networks crosslinked by dynamic bonds. J. Mech. Phys. Solids 2018,
121, 409-431. [CrossRef]

Shang, W.; Hou, G.; Ren, R.; Li, X.; Weng, Y.; Liu, ]. Molecular dynamics simulation insight into topological structure dependence
of self-healing polymer nanocomposites. Phys. Chem. Chem. Phys. 2023, 25, 19046-19057. [CrossRef]

Islam, S.; Bhat, G.S. Progress and challenges in self-healing composite materials. Mater. Adv. 2021, 2, 1896-1926. [CrossRef]
Smolen, P.; Czujko, T.; Komorek, Z.; Grochala, D.; Rutkowska, A.; Osiewicz-Powezka, M. Mechanical and Electrical Properties of
Epoxy Composites Modified by Functionalized Multiwalled Carbon Nanotubes. Materials 2021, 14, 3325. [CrossRef]

Jouni, M.; Fedorko, P; Celle, C.; Djurado, D.; Chenevier, P.; Faure-Vincent, J. Conductivity vs functionalization in single-walled
carbon nanotube films. SN Appl. Sci. 2022, 4, 132. [CrossRef]

Vertuccio, L.; Calabrese, E.; Raimondo, M.; Catauro, M.; Sorrentino, A.; Naddeo, C.; Longo, R.; Guadagno, L. Effect of Temperature
on the Functionalization Process of Structural Self-Healing Epoxy Resin. Aerospace 2023, 10, 476. [CrossRef]

Liu, T.; Zhao, H.; Zhang, D.; Lou, Y.; Huang, L.; Ma, L.; Hao, X.; Dong, L.; Rosei, F.; Lau, WM. Ultrafast and high-efficient
self-healing epoxy coatings with active multiple hydrogen bonds for corrosion protection. Corros. Sci. 2021, 187, 109485.
[CrossRef]

Wang, N.; Feng, X.; Pei, J.; Cui, Q.; Li, Y;; Liu, H.; Zhang, X. Biobased Reversible Cross-Linking Enables Self-Healing and
Reprocessing of Epoxy Resins. ACS Sustain. Chem. Eng. 2022, 10, 3604-3613. [CrossRef]

Li, J.; Du, X.; Zhang, A.; Wen, ].; Shuai, L.; Li, S.; Zhu, M.; Nie, Y. Hydrogen-bonded polymeric materials with high mechanical
properties and high self-healing capacity. Mater. Chem. Front. 2024, 8, 3828-3858. [CrossRef]

Guadagno, L.; Foglia, F; Pantani, R.; Romero-Sanchez, M.D.; Calderén, B.; Vertuccio, L. Low-Voltage Icing Protection Film for
Automotive and Aeronautical Industries. Nanomaterials 2020, 10, 1343. [CrossRef]

Krajewski, D.; Oleksy, M.; Oliwa, R.; Bulanda, K.; Czech, K.; Mazur, D.; Mastowski, G. Methods for Enhancing the Electrical
Properties of Epoxy Matrix Composites. Energies 2022, 15, 4562. [CrossRef]


https://doi.org/10.1007/s42114-022-00423-4
https://doi.org/10.1002/app.50890
https://doi.org/10.1109/ISMSIT50672.2020.9254745
https://doi.org/10.1021/acsanm.3c04686
https://doi.org/10.1021/acsanm.2c04370
https://doi.org/10.3390/polym11050903
https://doi.org/10.1016/j.compositesb.2018.08.082
https://doi.org/10.3390/polym13081194
https://doi.org/10.1002/app.50260
https://doi.org/10.1016/j.polymer.2021.123718
https://doi.org/10.3390/jcs7040148
https://doi.org/10.1021/acsanm.1c00888
https://doi.org/10.3390/polym13020201
https://doi.org/10.1016/j.matchemphys.2022.126063
https://doi.org/10.1039/C5CS00194C
https://doi.org/10.1016/j.jmps.2018.08.007
https://doi.org/10.1039/D3CP01309J
https://doi.org/10.1039/D0MA00873G
https://doi.org/10.3390/ma14123325
https://doi.org/10.1007/s42452-022-05016-w
https://doi.org/10.3390/aerospace10050476
https://doi.org/10.1016/j.corsci.2021.109485
https://doi.org/10.1021/acssuschemeng.1c08378
https://doi.org/10.1039/D4QM00472H
https://doi.org/10.3390/nano10071343
https://doi.org/10.3390/en15134562

Polymers 2025, 17, 1294 22 of 24

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Suherman, H.; Dweiri, R.; Sulong, A.B.; Zakaria, M.Y.; Mahyoedin, Y. Improvement of the Electrical-Mechanical Performance of
Epoxy/Graphite Composites Based on the Effects of Particle Size and Curing Conditions. Polymers 2022, 14, 502. [CrossRef]
Ogbonna, V.E.; Popoola, A.P.I; Popoola, O.M. A review on recent advances on the mechanical and conductivity properties of
epoxy nanocomposites for industrial applications. Polym. Bull. 2023, 80, 3449-3487. [CrossRef]

Raimondo, M.; Donati, G.; Milano, G.; Guadagno, L. Hybrid composites based on carbon nanotubes and graphene nanosheets
outperforming their single-nanofiller counterparts. FlatChem 2022, 36, 100431. [CrossRef]

Ali, A.; Rahimian Koloor, S.S.; Alshehri, A.H.; Arockiarajan, A. Carbon Nanotube Characteristics and Enhancement Effects on the
Mechanical Features of Polymer-based Materials and Structures—A Review. J. Mater. Res. Technol. 2023, 24, 6495-6521. [CrossRef]
Lavagna, L.; Nistico, R.; Musso, S.; Pavese, M. Functionalization as a way to enhance dispersion of carbon nanotubes in matrices:
A review. Mater. Today Chem. 2021, 20, 100477. [CrossRef]

Deshpande, P.P.; Radue, M.S.; Gaikwad, P.; Bamane, S.; Patil, S.U.; Pisani, W.A.; Odegard, G.M. Prediction of the Interfacial
Properties of High-Performance Polymers and Flattened CNT-Reinforced Composites Using Molecular Dynamics. Langmuir
2021, 37, 11526-11534. [CrossRef] [PubMed]

Castro, V.G.; Costa, 1.B.; Medeiros, F.S.; Siqueira, E.].; Kasama, A.H.; Figueiredo, K.C.S.; Lavall, R.L.; Silva, G.G. Improved
Functionalization of Multiwalled Carbon Nanotubes in Ultra-Low Acid Volume: Effect of Solid/Liquid. J. Braz. Chem. Soc. 2019,
30, 2477-2487. [CrossRef]

Vennerberg, D.C.; Quirino, R.L.; Jang, Y.; Kessler, M.R. Oxidation Behavior of Multiwalled Carbon Nanotubes Fluidized with
Ozone. ACS Appl. Mater. Interfaces 2014, 6, 1835-1842. [CrossRef]

Samori, C.; Sainz, R.; Ménard-Moyon, C.; Toma, EM.; Venturelli, E.; Singh, P.; Ballestri, M.; Prato, M.; Bianco, A. Potentiometric
titration as a straightforward method to assess the number of functional groups on shortened carbon nanotubes. Carbon 2010, 48,
2447-2454. [CrossRef]

Avilés, F; Cauich-Rodriguez, ].V.; Moo-Tah, L.; May-Pat, A.; Vargas-Coronado, R. Evaluation of mild acid oxidation treatments
for MWCNT functionalization. Carbon 2009, 47, 2970-2975. [CrossRef]

Mittal, G.; Dhand, V.; Rhee, K.Y,; Park, S.J.; Lee, W.R. A Review on Carbon Nanotubes and Graphene as Fillers in Reinforced
Polymer Nanocomposites. J. Ind. Eng. Chem. 2015, 21, 11-25. [CrossRef]

Guadagno, L.; De Vivo, B.; Di Bartolomeo, A.; Lamberti, P.; Sorrentino, A.; Tucci, V.; Vertuccio, L.; Vittoria, V. Effect of
functionalization on the thermo-mechanical and electrical behavior of multi-wall carbon nanotube/epoxy composites. Carbon
2011, 49, 1919-1930. [CrossRef]

Raimondo, M.; Calabrese, E.; Binder, W.H.; Michael, P; Rana, S.; Guadagno, L. Tunneling Atomic Force Microscopy Analysis of
Supramolecular Self-Responsive Nanocomposites. Polymers 2021, 13, 1401. [CrossRef]

Liu, Z.; Guan, X.; Li, B.; Yin, H,; Jin, C. Investigation on Junction Contacts of Semiconducting Carbon Nanotube Networks Using
Conductive Atomic Force Microscopy. ACS Appl. Mater. Interfaces 2024, 16, 51309-51317. [CrossRef] [PubMed]

Sa’aya, N.S.N.; Demon, S.Z.N.; Abdullah, N.; Abdul Halim, N. Morphology Studies of SWCNT Dispersed in Conducting Polymer
as Potential Sensing Materials. SSP 2021, 317, 189-194. [CrossRef]

Longo, P; Mariconda, A.; Calabrese, E.; Raimondo, M.; Naddeo, C.; Vertuccio, L.; Russo, S.; lannuzzo, G.; Guadagno, L.
Development of a new stable ruthenium initiator suitably designed for self-repairing applications in high reactive environments.
J. Ind. Eng. Chem. 2017, 54, 234-251. [CrossRef]

Guadagno, L.; Raimondo, M.; Naddeo, C.; Vertuccio, L.; Russo, S.; lannuzzo, G.; Calabrese, E. Rheological, Thermal and
Mechanical Characterization of Toughened Self-Healing Supramolecular Resins, Based on Hydrogen Bonding. Nanomaterials
2022, 12, 4322. [CrossRef]

Buaksuntear, K.; Limarun, P; Suethao, S.; Smitthipong, W. Non-Covalent Interaction on the Self-Healing of Mechanical Properties
in Supramolecular Polymers. Int. . Mol. Sci. 2022, 23, 6902. [CrossRef]

Chen, L.; Xu, J.; Zhu, M.; Zeng, Z.; Song, Y.; Zhang, Y.; Zhang, X.; Deng, Y.; Xiong, R.; Huang, C. Self-healing polymers through
hydrogen-bond cross-linking: Synthesis and electronic applications. Mater. Horiz. 2023, 10, 4000—4032. [CrossRef]

Guadagno, L.; Vertuccio, L.; Naddeo, C.; Raimondo, M.; Barra, G.; De Nicola, E.; Volponi, R.; Lamberti, P; Spinelli, G.; Tucci, V.
Electrical Current Map and Bulk Conductivity of Carbon Fiber-Reinforced Nanocomposites. Polymers 2019, 11, 1865. [CrossRef]
Zhang, W.; Yin, L.; Zhao, M; Tan, Z.; Li, G. Rapid and non-destructive quality verification of epoxy resin product using ATR-FTIR
spectroscopy coupled with chemometric methods. Microchem. . 2021, 168, 106397. [CrossRef]

Yang, W.; Chai, X.; Tian, Y.; Chen, S.; Cao, Y.; Lu, R; Jiang, Y; Li, T. Temperature-dependent FTIR study of a supramolecular
mesophase from the self-assembly of melamine and barbituric acid derivatives. Lig. Cryst. 1997, 22, 579-583. [CrossRef]

Xu, Y;; Zhang, Q. Two-Dimensional Fourier Transform Infrared (FT-IR) Correlation Spectroscopy Study of the Imidization
Reaction from Polyamic Acid to Polyimide. Appl. Spectrosc. 2014, 68, 657—662. [CrossRef]

Nyquist, R.A ; Fiedler, S.L. Infrared study of five-and six-membered type cyclic imides. Vib. Spectrosc. 1995, 8, 365-386. [CrossRef]
Chandra, S.; Saleem, H.; Sundaraganesan, N.; Sebastian, S. Experimental and theoretical vibrational spectroscopic and HOMO,
LUMO studies of 1,3-dimethylbarbituric acid. Indian J. Chem. 2009, 48A, 1219-1227.


https://doi.org/10.3390/polym14030502
https://doi.org/10.1007/s00289-022-04249-4
https://doi.org/10.1016/j.flatc.2022.100431
https://doi.org/10.1016/j.jmrt.2023.04.072
https://doi.org/10.1016/j.mtchem.2021.100477
https://doi.org/10.1021/acs.langmuir.1c01800
https://www.ncbi.nlm.nih.gov/pubmed/34550699
https://doi.org/10.21577/0103-5053.20190166
https://doi.org/10.1021/am4048305
https://doi.org/10.1016/j.carbon.2010.03.015
https://doi.org/10.1016/j.carbon.2009.06.044
https://doi.org/10.1016/j.jiec.2014.03.022
https://doi.org/10.1016/j.carbon.2011.01.017
https://doi.org/10.3390/polym13091401
https://doi.org/10.1021/acsami.4c09412
https://www.ncbi.nlm.nih.gov/pubmed/39269965
https://doi.org/10.4028/www.scientific.net/SSP.317.189
https://doi.org/10.1016/j.jiec.2017.05.038
https://doi.org/10.3390/nano12234322
https://doi.org/10.3390/ijms23136902
https://doi.org/10.1039/D3MH00236E
https://doi.org/10.3390/polym11111865
https://doi.org/10.1016/j.microc.2021.106397
https://doi.org/10.1080/026782997208983
https://doi.org/10.1366/13-07283
https://doi.org/10.1016/0924-2031(94)00051-H

Polymers 2025, 17, 1294 23 of 24

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

Delozanne, ].; Desgardin, N.; Cuvillier, N.; Richaud, E. Thermal oxidation of aromatic epoxy-diamine networks. Polym. Degrad.
Stab. 2019, 166, 174-187. [CrossRef]

Sharma, A.; Gupta, V.; Mishra, R.; Tandon, P.; Maeda, S.; Kunimoto, K.K. Study of vibrational spectra and molecular structure of
intermolecular hydrogen bonded 2-thiohydantoin using Density Functional Theory. J. Mol. Struct. 2011, 1004, 237-247. [CrossRef]
Sharma, A.; Gupta, V,; Tandon, P.; Rawat, P.; Maeda, S.; Kunimoto, K.K. Experimental (FT-IR, FT-Raman, NMR) and theoretical
spectroscopic properties of intermolecular hydrogen bonded 1-acetyl-2-thiohydantoin polymorphs. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 2012, 90, 141-151. [CrossRef]

Deval, V.,; Kumar, A.; Gupta, V.; Sharma, A.; Gupta, A.; Tandon, P.; Kunimoto, K.K. Molecular structure (monomeric and dimeric)
and hydrogen bonds in 5-benzyl 2-thiohydantoin studied by FT-IR and FT-Raman spectroscopy and DFT calculations. Spectrochim.
Acta A Mol. Biomol. Spectrosc. 2014, 132, 15-26. [CrossRef]

Calabrese, E.; Raimondo, M.; Sorrentino, A.; Russo, S.; Longo, P.; Mariconda, A.; Longo, R.; Guadagno, L. Verification of the
Self-Healing Ability of PP-co-HUPy Copolymers in Epoxy Systems. Polymers 2024, 16, 1509. [CrossRef]

Yoshida, S. Quantitative evaluation of an epoxy resin dispersion by infrared spectroscopy. Polym. ]. 2014, 46, 430-434. [CrossRef]
Liu, T.; Zhang, M.; Guo, X; Liu, C.; Liu, T.; Xin, J.; Zhang, J. Mild chemical recycling of aerospace fiber/epoxy composite wastes
and utilization of the decomposed resin. Polym. Degrad. Stab. 2017, 139, 20-27. [CrossRef]

Dagdag, O.; Safi, Z.; Hamed, O.; Jodeh, S.; Wazzan, N.; Haldhar, R.; Safi, S.K.; Berisha, A.; Gouri, M.E. Comparative study of
some epoxy polymers based on bisphenolic and aromatic diamines: Synthesis, viscosity, thermal properties computational and
statistical approaches. J. Polym. Res. 2021, 28, 165. [CrossRef]

Azzaoui, J.E.; Berradi, M.; ElI-Aouni, N.; Eddaoukhi, A.; Berradi, O.; Dagdag, O.; Yacoubi, A.E.; Hsissou, R.; Bouchti, M.E.; Bachiri,
A.E.; et al. Synthesis of trifunctional epoxy resin crosslinked with MDA, PDA, and BDA: Microscopic, rheological, and thermal
studies. Interactions 2025, 246, 35. [CrossRef]

Guadagno, L.; Naddeo, C.; Raimondo, M.; Barra, G.; Vertuccio, L.; Sorrentino, A.; Binder, W.H.; Kadlec, M. Development of
self-healing multifunctional materials. Compos. B Eng. 2017, 128, 30-38. [CrossRef]

Vertuccio, L.; Guadagno, L.; Spinelli, G.; Russo, S.; lannuzzo, G. Effect of carbon nanotube and functionalized liquid rubber on
mechanical and electrical properties of epoxy adhesives for aircraft structures. Compos. B Eng. 2017, 129, 1-10. [CrossRef]
Maddams, W. The scope and limitations of curve fitting. Appl. Spectrosc. 1980, 34, 245-267. Available online: https://opg.optica.
org/as/abstract.cfm?URI=as-34-3-245 (accessed on 1 May 1980). [CrossRef]

Kaupp, G.; Avouris, P.; Bhushan, B.; Von Klitzing, K.; Sakaki, H.; Wiesendanger, R. Atomic Force Microscopy, Scanning Nearfield Opti-
cal Microscopy and Nanoscratching: Application to Rough and Natural Surfaces; Springer: Berlin/Heidelberg, Germany, 2006; pp. 1-292.
[CrossRef]

Gautier, B.; Fares, B.; Prudon, G.; Dupuy, ].C. Imaging by atomic force microscopy of the electrical properties difference of the
facets of oxygen-ion-induced ripple topography in silicon. Appl. Surf. Sci. 2004, 231-232, 136-140. [CrossRef]

Paredes, ].I.; Villar-Rodil, S.; Solis-Fernandez, P.; Martinez-Alonso, A.; Tascén, ].M.D. Atomic Force and Scanning Tunneling
Microscopy Imaging of Graphene Nanosheets Derived from Graphite Oxide. Langmuir 2009, 25, 5957-5968. [CrossRef]
Alemour, B.; Badran, O.; Hassan, M.R. A review of using conductive composite materials in solving lightening strike and ice
accumulation problems in aviation. J. Aerosp. Technol. Manag. 2019, 11, €1919. [CrossRef]

Guadagno, L.; Vertuccio, L.; Aliberti, F; Pantani, R.; Raimondo, M.; Catauro, M.; Longo, R. Development of de-icing/self-sensing
structural composites via controlled Joule heating curing. Compos. B Eng. 2025, 292, 112079. [CrossRef]

Chung, D.D.L. A review of multifunctional polymer-matrix structural composites. Compos. B Eng. 2019, 160, 644-660. [CrossRef]
Long, C.; Xu, J.; Luo, X; Liu, Z.; Bing, W.; Song, Q.; Yukui, C.; Yi, W,; Gao, X,; Li, C. Micro/nano manufacturing aircraft surface
with anti-icing and deicing performances: An overview. Nanotechnol. Rev. 2023, 12, 20230105. [CrossRef]

De Vivo, B.; Lamberti, P; Tucci, V.; Guadagno, L.; Vertuccio, L.; Vittoria, V.; Sorrentino, A. Comparison of the physical properties
of epoxy-based composites filled with different types of carbon nanotubes for aeronautic applications. Adv. Polym. Technol. 2012,
31, 205-218. [CrossRef]

Wang, F.; Zhang, Y.; Hu, S.; Zhong, X.; Bai, J.; Zhang, Y.; Bao, ]J. Preparation and Characterization of Conductive/Self-Healing
Resin Nanocomposites Based on Tetrafunctional Furan-Functionalized Aniline Trimer Modified Graphene. Polymers 2024, 16, 90.
[CrossRef] [PubMed]

Yoon, M.; Samolyuk, G.D.; Li, K.; Hayne, J.A.; Aytug, T. Improved Electrical Conductivity of Copper and Nitrogen Functionalized
Carbon Nanotubes. arXiv 2024, arXiv:2408.02884. [CrossRef]

Sabet, M. Advanced synthesis techniques and tailored properties of carbon nanotube reinforced polymer composites for high-
performance applications. Polym. Bull. 2025, 82, 335-373. [CrossRef]

Sabet, M. Advanced developments in carbon nanotube polymer composites for structural applications. Iran. Polym. ]. 2025, 34,
917-946. [CrossRef]


https://doi.org/10.1016/j.polymdegradstab.2019.05.030
https://doi.org/10.1016/j.molstruc.2011.08.011
https://doi.org/10.1016/j.saa.2012.01.033
https://doi.org/10.1016/j.saa.2014.04.101
https://doi.org/10.3390/polym16111509
https://doi.org/10.1038/pj.2014.15
https://doi.org/10.1016/j.polymdegradstab.2017.03.017
https://doi.org/10.1007/s10965-021-02530-0
https://doi.org/10.1007/s10751-025-02254-3
https://doi.org/10.1016/j.compositesb.2017.07.003
https://doi.org/10.1016/j.compositesb.2017.07.021
https://opg.optica.org/as/abstract.cfm?URI=as-34-3-245
https://opg.optica.org/as/abstract.cfm?URI=as-34-3-245
https://doi.org/10.1366/0003702804730312
https://doi.org/10.1007/978-3-540-28472-7
https://doi.org/10.1016/j.apsusc.2004.03.095
https://doi.org/10.1021/la804216z
https://doi.org/10.5028/jatm.v11.1022
https://doi.org/10.1016/j.compositesb.2024.112079
https://doi.org/10.1016/j.compositesb.2018.12.117
https://doi.org/10.1515/ntrev-2023-0105
https://doi.org/10.1002/adv.21284
https://doi.org/10.3390/polym16010090
https://www.ncbi.nlm.nih.gov/pubmed/38201755
https://doi.org/10.48550/arXiv.2408.02884
https://doi.org/10.1007/s00289-024-05549-7
https://doi.org/10.1007/s13726-024-01419-1

Polymers 2025, 17, 1294 24 of 24

78.  Shchegolkov, A.V,; Shchegolkov, A.V.; Kaminskii, V.V,; Iturralde, P.; Chumak, M.A. Advances in Electrically and Thermally
Conductive Functional Nanocomposites Based on Carbon Nanotubes. Polymers 2025, 17, 71. [CrossRef]

79. Sabet, M. Advanced Functionalization Strategies for Carbon Nanotube Polymer Composites: Achieving Superior Dispersion and
Compatibility. Polym. Plast. Technol. Mater. 2024, 64, 465-494. [CrossRef]

80. Han, F; Chen, S.; Wang, F; Liu, M,; Li, J; Liu, H,; Yang, Y.; Zhang, H.; Liu, D.; He, R; et al. High-Conductivity, Self-Healing, and
Adhesive Ionic Hydrogels for Health Monitoring and Human-Machine Interactions Under Extreme Cold Conditions. Adv. Sci.
2025, 12, 2412726. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym17010071
https://doi.org/10.1080/25740881.2024.2409312
https://doi.org/10.1002/advs.202412726

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	FT-IR 
	FESEM 
	TUNA 
	Self-Repairing Efficiency Evaluation Tests 


	Results and Discussion 
	FT-IR Analysis 
	FT-IR Investigation of System Based on Filler D 
	FT-IR Investigation of System Based on Filler T 
	FT-IR Investigation of System Based on Filler M 

	Additional FT-IR Analysis 
	Morphological Investigation by FESEM and TUNA 
	Self-Repairing Efficiency Evaluation Tests 

	Conclusions 
	References

