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Abstract: Nanocomposite laminates containing carbon fibers, epoxy, and multiwalled
carbon nanotubes were fabricated using a vacuum bag process. Ecofriendly ionic liquid
(5 wt%)-treated multiwalled carbon nanotubes (pristine and nickel-coated) were added
to the epoxy independently, in amounts ranging from 1 wt% to 3 wt%, in order to tailor
the mechanical, electrical, and thermal performance of manufactured carbon fiber epoxy
composite laminates. These nanocomposite laminates were later characterized through
flexural testing, dynamic mechanical analysis, impedance spectroscopy, thermal conductiv-
ity tests, and FTIR spectroscopy to evaluate their suitability for battery pack applications.
The findings showed that both types of multiwalled carbon nanotubes exhibited multi-
faceted effects on the properties of bulk hybrid carbon fiber epoxy nanocomposite laminates.
For instance, the flexural strength of the composites containing 3.0 wt% of ionic liquid-
treated pristine multiwalled carbon nanotubes reached 802.8 MPa, the flexural modulus
was 88.21 GPa, and the storage modulus was 18.2 GPa, while the loss modulus peaked at
1.76 GPa. The thermal conductivity of the composites ranged from 0.38869 W/ (m - K) to
0.69772W /(m - K), and the electrical resistance decreased significantly with the addition
of MWCNTs, reaching a minimum of 29.89 () for CFRPIP-1.5 wt%. The structural per-
formance of hybrid nanocomposites containing ionic liquid-treated pristine multiwalled
carbon nanotubes was higher than that of the hybrid nanocomposite of ionic liquid-treated
Ni-coated multiwalled carbon nanotubes, although the latter was found to possess better
functional performance.

Keywords: hybrid CFRP; epoxy nanocomposites; multiwalled carbon nanotubes; ionic
liquid; mechanical properties; electrical conductivity; thermal management; sustainable
automobile applications; battery pack enclosures; vacuum bag process

1. Introduction

Carbon fiber-reinforced hybrid nanocomposites (CFRPs) are extensively employed in
the aerospace, automotive, and sporting goods sectors due to their superior structural and
functional performance [1-3]. These composites show significant improvements in strength,
heat resistance, and electrical conductivity, making them ideal choices for manufacturers of
battery cases and for other relevant applications in automobile sectors [4-6]. For example,
Ren et al. [4] reported a tensile strength of 1200 MPa for CFRPs under corrosive conditions,
highlighting their durability, while Moyer et al. [5] achieved a thermal conductivity of
0.8 W/ (m - K) in carbon fiber-reinforced structural batteries, emphasizing their thermal
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management potential. Further, the versatility of CFRP composites allows for tailored
properties through variations in fiber orientation, fiber treatment, and matrix modification
using various weight fractions of nanomaterials to optimize the designs for specific ap-
plications [7-9]. The exploration of various combinations and methods in manufacturing
CFRPs is essential for uncovering new opportunities, particularly due to the rising demand
for lightweight and durable materials for sustainable mobility. Therefore, industries are
focusing on CFRP hybrid composite applications in emerging technologies, aiming to
improve performance and support sustainability by lowering energy consumption and
emissions [10-14].

The manufacture of hybrid CFRPs involves the incorporation of different types of
nanomaterials into the matrix to significantly enhance the properties and functionalities
of the final composites [15,16]. These nanomaterials include nanoparticles, nanotubes,
and nanofibers, which are utilized to improve the mechanical strength, thermal stability,
electrical conductivity, and barrier properties of the composites [17,18]. The incorporation
of carbon nanotubes (CNTSs), such as multiwalled carbon nanotubes (MWCNT5), in CFRPs
improves the structural and functional performance, specifically when these MWCNTs
are treated/coated with ecofriendly materials to enhance their dispersion in the polymer
matrix, making them suitable for high-performance applications, especially sustainable
automobile applications [19-21].

In particular, Wu et al. [19] demonstrated that the addition of 1 wt% functionalized
MWCNTs to CFRPs increased the tensile strength by 30% to approximately 1500 MPa
and improved the thermal conductivity to 1.2 W/ (m - K), signifying the potential use of
MWCNTs as reinforcing nanomaterials. Dhanaraju et al. [22] reported that adding 1.0 wt%
silane-functionalized MWCNTs improved flexural strength by 73.8% and modulus by
58.2%. Similarly, Brown et al. [23] found that the presence of MWCNTs at interlayers
increased the loss modulus by 182% and storage modulus by 2.2%. An increase in thermal
conductivity was also reported by Kumar et al. [24], who achieved 5.8 W/ (m - K) at
0.5 wt% MWCNTSs, and Chen [25], noting 10.2 W/ (m - K) at 1.0 wt%. In addition, regarding
electrical performance, Spinelli et al. [26] observed a significant decrease in resistance at
0.5 wt% of carbon nanotubes, and Zhang et al. [27] observed a substantial decrease in
resistance at 0.2 wt%, highlighting the significance of the incorporation of MWCNTs in
advanced hybrid nanocomposites.

Different types of coating materials are employed on the surface of CNTs to improve
their dispersion in polymer matrices and to facilitate interfacial adhesion with the matrix,
as well as with reinforcement fibers in the final manufactured composites [28-31]. These
coatings include polymeric [32], metallic layers [33], and silane [30], each tailored to enhance
their compatibility with the specific polymer matrix in order to optimize the performance
of the manufactured composites for their final applications. Additionally, ongoing research
is also focusing on the evaluation of the long-term stability and environmental impact of
these modified MWCNTs, considering their costs and sustainability [34].

In addition to the application of coating materials on the surface of MWCNTs, re-
searchers have functionalized MWCNTs using various approaches [35]. The functional-
ization of MWCNTs greatly improves nanotube surfaces by adding different chemical
species, which increase their reactivity and compatibility with polymeric materials, result-
ing in significant enhancements in the electrical, mechanical, and thermal properties of
composite materials manufactured for various applications [36]. To functionalize MWC-
NTs, researchers have used acids [37], plasma [38,39], alkalis [40], ecofriendly solvents [41],
surfactants [42], organic compounds [43], and so on. These studies suggest that while
functionalization methods such as acid treatments, thermal decomposition, and plasma
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treatments effectively enhance the surface properties of MWCNTs, they often compromise
the structural integrity of MWCNTs to achieve enhanced functionalization [30,44,45].

The scalability of these methodologies is also important within industrial contexts, as
this directly influences feasibility and efficiency at the bulk level. Consequently, ecofriendly
techniques for the treatment of MWCNTs are becoming more popular because of their low
environmental impacts, recyclability, and simple processing while delivering optimum
results [46-48]. Ecofriendly solvents” characteristics have opened up their potential in new
domains, such as renewable energy, electronics, and biomedicine, where customized mate-
rials may enhance performance and promote sustainability [47,48]. Ecofriendly solvents
include various natural extracts, ionic liquids (ILs), and biodegradable polymers, which
not only facilitate the functionalization process but also minimize toxic byproducts [49-51].

Due to their tunable chemical species (cations and anions) and simple processing,
ILs have emerged as effective and ecofriendly materials for treating various nanomate-
rials to enhance their interaction with the polymer matrix and obtain desired structural
and functional properties [52-54]. Due to the low evaporation and adjustable solvation
properties of ionic liquids, researchers have found that IL treatment not only facilitates a
uniform dispersion of nanomaterials in polymer matrices but also improves the overall
electrical, mechanical, and thermal properties of the system [54]. Therefore, this ecofriendly
treatment method contributes to the advancement of nanotechnology, in line with the
growing concern regarding sustainability [55].

Furthermore, the integration of IL-modified carbon nanotubes into polymer matrices
can significantly improve mechanical strength and thermal stability, paving the way for
next-generation materials that are lighter, more durable, and more efficient. Different types
of ILs can be tailored to achieve specific interactions with carbon nanotubes, allowing for
the fine-tuning of their properties and performance in diverse applications. The currently
available ILs exhibit a wide range of characteristics, including varying degrees of hydropho-
bicity and viscosity, which can be strategically selected based on the desired outcome in the
final composite [56].

Imidazolium-based ILs have shown an optimum ability to enhance the dispersion and
stability of carbon nanotubes within the polymer matrix, ultimately leading to composites
with superior electrical conductivity and mechanical performance [57]. Moreover, the incor-
poration of ILs can also facilitate the processing of the composites at lower temperatures,
reducing energy consumption and preserving the integrity of the carbon nanotubes.

In the current study, two types of MWCNTs—namely, pristine MWCNTs and nickel-
coated MWCNTs—were treated with 5 wt% of imidazolium-based IL (BMI-TFSI) to exam-
ine their effects on the structural and functional properties of CFRPs at different weight
fractions (1.0 wt%, 1.5 wt%, 2.0 wt%, 2.5 wt%, and 3 wt%) in two batches, separately. A
reference CFRP without MWCNTs was also prepared for the comparison and compre-
hensive analysis of the enhancements in the structural and functional performance of the
manufactured modified CFRPs. The results indicate that the incorporation of IL-treated
MWCNTs significantly improved the properties of CFRPs, highlighting the importance of
an ecofriendly process for the surface modification of MWCNTs to enhance the interfacial
bonding within the CFRP matrix. Despite the extensive literature on MWCNT-reinforced
CFRPs, a gap remains in understanding the comparative effects of ecofriendly ionic liquid
treatments on various nanomaterials. The primary objective of this study was to investigate
the effects of ionic liquid-treated pristine and nickel-coated MWCNTs on the mechanical,
electrical, and thermal properties of CFRPs, aiming to identify optimal formulations for
battery pack enclosures. Moreover, this work signifies the critical need for lightweight,
durable, and thermally efficient materials that enhance safety and performance in sustain-
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able mobility applications, where existing materials often compromise structural integrity
and functional performance.

2. Materials and Methods
2.1. Materials

The materials used to fabricate CFRPs with and without the incorporation of IL-
treated carbon nanotubes comprised the following: (i) polyacrylonitrile (PAN)-based
3K-plain weave (0°, 90°) carbon fiber fabric (Toray, Taipei, Taiwan); (ii) epoxy resin
(Araldite® 5052, Huntsman, The Woodlands, TX, USA) with epoxy hardener (Aradur®
5052, Huntsman, The Woodlands, TX, USA); (iii) pristine MWCNTs (P-MWCNTs) with
an outer diameter of 20-40 nm and length of 5-15 um, procured from Chengdu Intl,
Chengdu, China; (iv) nickel-coated MWCNTs (Ni-MWCNTs) with an outer diameter of
5-15 nm, length > 50 um, MWCNT content >38 wt%, and Ni content >60 wt%, procured
from US Research Nanomaterials Inc., Houston, TX, USA; (v) an ionic liquid, 1-butyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide, which is denoted as [BMIM][Tf,N]
or BMI-TFSI, with 98% purity (CAS: 174899-83-3), procured from Sigma-Aldrich, Darmstadt,
Germany; (vi) ethanol with 99.5% purity, procured from Sigma-Aldrich, Sdo Paulo, Brazil;
(vii) a vacuum bagging kit procured from Easy Composites, Stoke-on-Trent, UK, which
was used to obtain compact laminates under vacuum, with and without the incorporation
of MWCNTs.

2.2. Methods

The fabrication of the CFRPs was divided into two phases as shown in Figure 1. In
the first phase, the surface treatment of both types of MWCNTs (P-MWCNTs and Ni-
MWCNTs) with IL was performed, and in the second phase, these IL-modified MWCNTs
were incorporated into the epoxy matrix, followed by the impregnation of the carbon fiber
fabric with the modified epoxy matrix.
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Figure 1. Schematic diagram of the manufacture of hybrid nanocomposites (CFRPs).

2.2.1. Phase I: Surface Treatment of MWCNTs

In the first phase, both types of MWCNTs, i.e., P-MWCNTs (3 g) and Ni-MWCNTs
(3 g), were treated with an IL called BMI-TFSI (5 wt% with respect to the weight fraction of
MWCNT5s), separately. Initially, BMI-TFSI (5 wt%, 150 mg) was added to ethanol (50 mL) in
a beaker, and the solution was stirred for 10 min at room temperature using a magnetic
stirrer. P-MWCNTs (3 g) were then added to the beaker containing the ethanol (50 mL)
and BMI-TFSI (150 mg) for stirring at room temperature for 15 min. Then, sonication was
performed for 30 min at 60 °C and 60 Hz to reduce agglomerates. After sonication, the
mixture was dried using a vacuum oven at 60 °C for 1 h to remove the ethanol and to obtain
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the P-MWCNTs treated with BMI-TFSI in powder form. The same process was repeated
for Ni-MWCNTs to obtain BMI-TFSI-treated Ni-MWCNTs in powder form.

2.2.2. Phase II: Fabrication of CFRP Laminates

In the second phase, the dried MWCNTs (P-MWCNTs and Ni-MWCNTs) treated
with 5 wt% of IL were added separately to epoxy matrix using 1 wt%, 1.5 wt%, 2.0 wt%,
2.5 wt%, and 3.0 wt% of IL-treated P-MWCNTs and Ni-MWCNTs to fabricate two different
batches of composite laminates, referred to as CFRPIP and CFRPIN;, respectively. Initially,
MWCNTs were mixed into epoxy resin by hand stirring for 5 min, followed by sonication
for 45 min at room temperature, ensuring a uniform dispersion in the epoxy matrix. In
addition, the sonication time for high-weight fractions (3.0 wt%) of P-MWCNTs and Ni-
MWCNTs was increased from 45 min to 60 min to facilitate dispersion. After sonication,
hardener with a predefined weight ratio was added to the mixture, which was mechanically
mixed by hand stirring again. To remove the bubbles, the mixture was degassed for 10 min
in an ultrasonicator.

The resulting modified epoxy matrix was then applied to 4x layers of carbon fiber
fabric on a mold, followed by a vacuum bagging process, and cured at room temperature for
24 h. After this curing, the laminates were removed from the mold and post-cured at 100 °C
for 4 h using an oven. A reference CFRP laminate without MWCNTs was also manufactured
using the vacuum bagging technique to compare its structural and functional performance
with that of the two abovementioned batches of composite laminates containing IL-treated
P-MWCNTs and Ni-MWCNTs.

The composite laminates were then subjected to various tests, including flexural tests,
dynamic mechanical analysis (DMA), impedance spectroscopy, thermal conductivity tests,
scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR)
assessments, to evaluate their performance.

2.3. Characterization

Flexural testing was performed on a universal testing machine (UTM), Galdabini
(Galdabini, S.p.a, Cardano al Campo (VA), Italy) using a 30 kN load cell. Five specimens
(60 x 13 x 1 mm) of each composite were tested, selecting a cross-head speed of 2 mm/min
according to ASTM D7264 [58]. Later, ANOVA was carried out on the resultant flexural
strength and flexural modulus test results using Origin Pro 2021. Tukey tests with a 5%
significance level were used to compare the groups to evaluate any statistically significant
differences among them.

ASTM D7028 [59] was followed to perform DMA tests to evaluate the viscoelastic
properties of the manufactured composites. The specimens were cut to size (60 x 12 x
1 mm) and analyzed using DMA7100 equipment (Hitachi Ltd., Hitachi, Japan) in dual
cantilever mode and with a strain amplitude of 1 Hz. The temperature range (25-250 °C)
was selected to run the scan at a heating rate of 10 °C/min and at a constant frequency of
1.0 Hz to measure the storage modulus (E’), loss modulus (E”), and tan § values. The Tg
was observed from the tan ¢ data.

Impedance spectroscopy (Zurich Instruments, Zurich, Switzerland) was conducted to
evaluate the electrical properties of the epoxy samples, measuring the complex impedance
over a frequency range of 10 Hz to 1 MHz. The samples were prepared in a parallel
plate configuration, and the data were analyzed to determine the dielectric constant and
conductivity, providing insights into the material’s performance under varying conditions.

The thermal conductivity (Tc) was measured using Thermtest model apparatus GHFM-
01 (Thermtest Inc., Fredericton, NB, Canada) using ASTM E1530-19 [60]. First, the equip-
ment was calibrated using standard 03 x SS 304 samples that had 50 mm diameters and
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thicknesses of 1, Y2, and % inches. The calibration temperatures were selected considering
the operational conditions of the target application (i.e., battery-pack housing). The selected
temperatures were 40 °C, 60 °C, and 90 °C, keeping the temperature variation between the
upper and lower plates within 30 °C (+15 °C and —15 °C) for each temperature value used.
SEM images were captured using a Phenom XL G2 (Thermo Fisher Scientific, Waltham,
MA, USA) with the following parameters: 10 kV HV, a BSD Full detector, a 0.10 Pa vacuum,
a working distance (WD) of 10-11 mm, a 30 um aperture, and an InLens signal.
Fourier-transform infrared spectroscopy (FTIR) was performed with a PerkinElmer
Spectrum Two FT-IR spectrometer (PerkinElmer Inc., Shelton, CT, USA). The transmission
spectra were recorded with KBr pellets in the 400-4000 cm ™! range with 32 scans at a

1

constant spectral resolution of 4 cm ™", using a LiTaO3 detector.

3. Results and Discussion

Figure 2 shows two box-and-whisker plots for the flexural strength and flexural
modulus representing the distribution of the data across various types of hybrid CFRPs,
with and without IL-treated MWCNTs. The data highlight the effects of varying weight
fractions of MWCNTs (P-MWCNTs and Ni-MWCNTs) on the mechanical performance of
the CFRPs. Moreover, statistically significant differences across groups are denoted by the
“p < 0.05” notation. The letters on the plots for the flexural strength and flexural modulus
indicate groups that show statistically significant differences in their measurements. Each
group represents a specific type of CFRP with a different weight fraction of MWCNTs. The
values of flexural strength and flexural modulus are also listed in Table 1.

The flexural strength results revealed that the reference sample (CFRP) without nan-
otubes had the lowest flexural strength compared with the samples containing different
weight fractions of IL-treated P-MWCNTs and Ni-MWCNTs. According to the ANOVA
of flexural strength, as shown in Figure 2a, the addition of IL-treated P-MWCNTs (CFR-
PIP) and Ni-MWCNTs (CFRPINi) improved flexural strength. Nevertheless, there was
no significant difference among the samples containing MWCNTs, either P-MWCNTs or
Ni-MWCNTs, in terms of the flexural strength properties, except for the CFRPIP-3.0 wt%
sample, which showed the highest flexural strength represented by group “A”, which could
be attributed to the enhanced sonication (45 min to 60 min) facilitating the dispersion of IL-
treated P-MWCNTs (3.0 wt%) in the epoxy matrix, increasing the mechanical performance.
Therefore, most of the MWCNTs-containing samples were statistically similar, as indicated
by group “B”, while the CFRP sample showed a significant difference due to low flexural
strength, as indicated by group “C”.

Figure 2. The flexural properties of carbon fiber-reinforced hybrid nanocomposites (CFRPs): (a) flexu-
ral strength of tested samples; (b) corresponding flexural modulus values.
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Table 1. Flexural test results for hybrid nanocomposites (CFRPs).

Sample ID Flexural Strength (MPa) S.D. Flexural Modulus (GPa) S.D.
CFRP 319 35 36.6 1.5
CFRPIP-1.0wt% 668.7 493 56.89 1.2
CFRPIP-1.5wt% 637.1 672 67.71 1.7
CFRPIP-2.0wt% 667.8 63.7 61.78 7.6
CFRPIP-2.5wt% 648.5 40.2 73.67 3.7
CFRPIP-3.0wt% 802.8 67.7 88.21 1
CFRPINi-1.0wt% 655 446 5241 6.8
CFRPINi-1.5wt% 588.5 284 55.67 1.3
CFRPINi-2.0wt% 597.5 41.8 61.05 1.9
CFRPINi-2.5wt% 610.3 442 5829 1.7
CFRPINi-3.0wt% 593.2 395 68.13 3.7

In terms of the flexural modulus (Figure 2b), CFRPs showed lower values compared
with samples containing MWCNTs (CFRPIP and CFRPINi). Increasing the weight fractions
of IL-treated P-MWCNTs in the CFRPIP series resulted in an increase in the flexural
modulus, i.e., the stiffness of the hybrid CFRP laminates. A similar increase in flexural
modulus was observed in the CFRPIN] series containing various weight fractions of IL-
treated Ni-MWCNTs. The CFRPIP-3.0 wt% sample exhibited the highest flexural modulus,
while the CFRP sample showed a statistically significantly lower modulus than the others.
Overall, the addition of nanotubes enhanced both the flexural strength and modulus, with
the type and concentration affecting the degree of improvement.

Figures 3 and 4 represent the dynamic mechanical analysis (DMA) test results for
the hybrid CFRPs, indicating the effects of incorporating MWCNTs on the viscoelastic
properties of these hybrid CFRPs. The reference CFRP sample demonstrated the lowest
storage modulus (Figure 3a), while there was an increase in the modulus upon adding
P-MWCNTs (CFRPIP samples), particularly at higher concentrations. Similarly, in the
Ni-MWCNT (CFRPINi samples), the storage modulus increased but showed a decrease
at higher concentrations, probably due to the enhanced interfacial bonding of the nickel
coating with the epoxy matrix via the IL.

Figure 3. DMA graphs of hybrid nanocomposites (CFRPs): (a) storage modulus (MPa); (b) loss
modulus (MPa).

The loss modulus (Figure 3b) showed a significant increase with the addition of pristine
carbon nanotubes, especially at higher concentrations, which could be attributed to the
presence of more interfaces at the nano level. Ni-MWCNTs also enhanced the loss modulus,
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particularly at lower concentrations, which can be attributed to improved bonding and
energy dissipation.

Figure 4. Tan § graphs of hybrid nanocomposites (CFRPs).

Tan J (Figure 4), the ratio of the loss to storage modulus, represents the damping
capability of the manufactured hybrid composites. Both P-MWCNTs and Ni-MWCNTs
increased the tan ¢ peak, indicating improved vibration absorption, with this effect becom-
ing more pronounced at higher MWCNT loading fractions. Therefore, incorporating both
types of MWCNTs along with IL treatment improved the damping properties of CFRPs,
with nickel-coated nanotubes potentially improving stiffness at higher concentrations. The
variations in tan J, which represent the damping capability of the CFRPs, are influenced by
several mechanisms related to the incorporation of ionic liquid-treated MWCNTs. Firstly,
the incorporation of IL-treated MWCNTs improves the interfacial bonding of MWCNTs
with the epoxy matrix and carbon fibers. This enhanced bonding increases energy dis-
sipation at the interfaces, leading to higher tan ¢ values, particularly at higher MWCNT
concentrations. Secondly, the presence of MWCNTs introduces additional interfaces at
the nanoscale within the hybrid CFRPs, which act as sites for energy absorption, further
improving the damping capability of the composites. Thirdly, the type of MWCNT (pris-
tine vs. nickel-coated) influences the molecular mobility within the epoxy matrix due to
differences in aspect ratios and outer surfaces. Pristine MWCNTs, having cleaner surfaces
and lower aspect ratios, place greater constraints on polymer chain mobility due to in-
creased interfacial interactions, resulting in improved damping, whereas longer IL-treated
nickel-coated MWCNTs may enhance stiffness but improve damping capacity to a lesser
extent due to the nickel coating, high Ni content, longer lengths to form agglomerates, and
reduced uniform dispersion, making them suitable for conductive structural applications
due to their Ni content. These mechanisms collectively define the viscoelastic properties of
the composites for specific applications.

In addition, the ionic liquid (IL) treatment of MWCNTs significantly affects the damp-
ing properties (tan J), thermal stability, and glass transition temperature (Tg) of hybrid
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CFRPs. IL treatment enhances MWCNT dispersion in the epoxy matrix, improving interfa-
cial interactions with carbon fibers and leading to increased energy dissipation, as shown
by the higher tan J peaks in composites with greater MWCNT concentrations. Cations and
anions of IL promote non-covalent interactions with MWCNTs, which result in reduced
agglomerates and enhance the number of energy-absorbing interfaces. In terms of thermal
stability, IL treatment improves heat dissipation by preventing localized heat buildup due
to MWCNTs that could degrade the composite. Moreover, IL treatment also affected the
glass transition temperature (Tg) by affecting the molecular mobility within the epoxy
matrix, inducing a plasticizing effect that lowered Tg (Table 2). Conversely, a reduced
Tg enables the lower-temperature processing of hybrid nanocomposites. It could be con-
cluded that by selecting appropriate nanomaterials and loading fractions, the viscoelastic
properties of CFRPs could be tailored for specific applications.

Table 2. Glass transition (Tg) temperature values of hybrid nanocomposite (CFRPs).

Sample ID Tg (°C)
CFRP 123
CFRPIP-1.0wt% 111
CFRPIP-1.5wt% 110
CFRPIP-2.0wt% 110
CFRPIP-2.5wt% 110
CFRPIP-3.0wt% 110
CFRPINi-1.0wt% 108
CFRPINi-1.5wt% 106
CFRPINi-2.0wt% 113
CFRPINi-2.5wt% 113
CFRPINi-3.0wt% 108

Figure 5 illustrates the impedance spectroscopy results (i.e., resistance and inductance),
as well as a schematic diagram of the impedance spectroscopy tests for the manufactured
hybrid CFRPs, highlighting the effects of the type and concentration of MWCNTs on
the electrical and magnetic properties of the hybrid CFRPs. As the weight percentage
of MWCNTs increased, the electrical resistance (Figure 5a and Table 3) of the composite
generally decreased, indicating improved conductivity. This is attributed to the formation
of conductive pathways within the epoxy matrix, especially at 1.5 wt% of P-MWCNTs
(CFRPIP-1.5 wt%). However, at higher concentrations, a reduction in conductivity was
observed, which could be attributed to the formation of agglomerates of P-MWCNTs. Ni-
MWCNTs tend to exhibit higher resistance than P-MWCNTs at the same weight fractions.
This phenomenon could be attributed to the nickel coating on the surface of MWCNTs,
which initially impedes electron flow, or to the reduced length of Ni-MWCNTs compared
with P-MWCNTs, leading to lower availability of conducting pathways. Therefore, the
percolation threshold value was observed at higher loading fractions of Ni-MWCNTs
(CFRPINi-2.5 wt%).
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Figure 5. Impedance spectroscopy results for hybrid nanocomposites (CFRPs): (a) resistance; (b) in-
ductance; (c) schematic diagram of impedance spectroscopy test.

Table 3. Impedance spectroscopy results for hybrid nanocomposites (CFRPs).

Sample ID Rq %Error L %Error Equivalent Circuit
CFRP 49.2 0.069 0.3514 x 107> 0.764 RiL4
CFRPIP-1.0wt%  33.9 0.055 0.3591 x 107>  0.426 RiLy

CFRPIP-1.5wt%  29.89 0.058 0.3560 x 107> 0.410 RyLy
CFRPIP-2.0wt%  58.7 0.067 0.3529 x 107> 0.861 RiLq
CFRPIP-2.5wt%  117.8 0.084 0.3287 x 107> 2.237 RyLq
CFRPIP-3.0wt%  85.0 0.078 0.3351 x 107> 1.482 RyLy
CFRPINi-1.0wt% 80.5 0.075 0.3433 x 107> 1.318 RiL4
CFRPINi-1.5wt%  155.0 0.087 0.3148 x 107°  3.149 RyLq
CFRPINi-2.0wt% 137.8 0.089 0.2885 x 107> 3.120 RyLq
CFRPINi-2.5wt% 64.7 0.071 0.3487 x 107> 1.010 RyLy
CFRPINi-3.0wt% 88.1 0.079 0.3397 x 107> 1.543 RyLy

The inductance value (Figure 5b) showed pronounced changes with the addition
of both types of IL-treated MWCNTs. However, IL-treated Ni-MWCNTs showed more
evident changes in inductance due to the ferromagnetic nature of nickel, which enhanced
the magnetic properties of the composite. Moreover, the use of IL treatment, particularly
NTf,, improved the dispersion of MWCNTs within the epoxy matrix, resulting in more
effective conductive pathways, and enhanced interfacial bonding between the MWCNTs
and the epoxy matrix, leading to further improvements in the electrical performance of
composites. Therefore, the choice between P-MWCNTs and Ni-MWCNTs depends on the
requirements of the desired application. P-MWCNTs offer higher electrical conductivity,
which makes them suitable for low-resistance applications. Conversely, Ni-MWCNTs are
preferred where enhanced magnetic properties are of major concern, like in sensors or
EMI-shielding applications.
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Figures 6 and 7 represent the thermal conductivity (TC) test results for the manufac-
tured composites. CFRP, the reference sample, comprising carbon fibers and the epoxy
matrix without MWCNTs, showed an increase in thermal conductivity as the temperature
was raised, from 0.6284 W/ (m - K) at 30 °C to 0.69772 W/ (m - K) at 90 °C. This behavior is
consistent with the fact that materials conduct heat better at higher temperatures. Further,
the presence of carbon fibers in the epoxy matrix assists in conducting heat, while the epoxy
helps to retain the structure.

Figure 6. Thermal conductivity test results for CFRPs containing IL-treated pristine MWCNTs.

In contrast, the CFRPIP samples (Figure 6), containing various weight fractions of
P-MWCNTs treated with ionic liquid, showed lower thermal conductivity than CFRP.
For example, CFRPIP-1.0wt% had a thermal conductivity of 0.43139 W/ (m - K) at 30 °C,
significantly lower than that of CFRP. Even as the temperature increased, the thermal
conductivity of the CFRPIP samples remained low compared with that of CFRP. The lower
thermal conductivity performance might be due to the absorption of heat by MWCNTs,
which makes carbon fibers able to dissipate the heat from the bulk of the composite. Adding
more MWCNTs (e.g., 1.5 wt% and 2.0 wt%) could not improve the TC, suggesting that the
MWCNTs serve as heat sinks within the epoxy matrix, thereby absorbing the incoming
heat flux and slowing down the dissipation of heat.

The CFRPINi samples (Figure 7), which contained Ni-MWCNTs treated with ionic
liquid, performed slightly better than CFRPIP but still worse than CFRP. For instance,
CFRPINi-1.0wt% had a thermal conductivity of 0.5179 W/ (m - K) at 30 °C, higher than that
of CFRPIP-1.0wt% but lower than that of CFRP. As the temperature increased, the thermal
conductivity of the CFRPINi samples either remained the same or decreased slightly. The
nickel coating might have been the reason for the less effective thermal response compared
with that of P-MWCNTs because, while theoretically improving heat conduction, it has a
shorter length than the P-MWCNTs. Therefore, even higher nanotube concentrations (e.g.,
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2.0 wt%) did not significantly improve performance, with CFRPINi-2.0wt% reaching only
0.44196 W/ (m - K) at 30 °C, still much lower than that of CFRP.

Figure 7. Thermal conductivity test results for CFRPs containing IL-treated Ni-coated MWCNTs.

The addition of P-MWCNTs and Ni-MWCNTs to the epoxy reduced its thermal
conductivity compared with CFRP. This unexpected behavior suggests that the interaction
between the nanotubes and the epoxy matrix plays a crucial role in determining the overall
thermal properties of the composites. However, the use of these properties is important in
sectors such as battery packaging and electrical insulation. In such applications, effective
thermal management is needed to maintain optimal performance as well as to ensure the
safety of the devices under extreme conditions. The use of these hybrid CFRPs in these
applications could serve to significantly enhance safety measures.

Figure 8 shows four SEM images highlighting the microstructure of the hybrid CFRPs.
Figure 8a shows a hybrid CFRP with 3 wt% ionic liquid-treated nickel-coated MWCNTs
(CFRPINi-3.0wt%), revealing voids in the epoxy matrix, likely due to the enhanced viscosity
of the modified resin leading to the incomplete wetting of carbon fibers and/or entrapped
air bubbles during fabrication through the vacuum bagging technique. These voids may
reduce mechanical strength and electrical conductivity by creating stress concentration sites.
Figure 8b displays a CFRP with carbon fibers well impregnated by modified epoxy resin,
indicating strong interfacial bonding, which is essential for improving the load-bearing
capabilities of manufactured composites through efficient stress transfer. Figure 8c depicts
a CFRP with 2.5 wt% ionic liquid-treated pristine MWCNTs (CFRPIP-2.5wt%), showing
MWCNT agglomerates due to the non-uniform dispersion of MWCNTs, ultimately leading
to decreases in the mechanical and electrical performance of the manufactured hybrid
CFRPs. Figure 8d, a magnified view of Figure 8c, reveals an entangled MWCNT network
within agglomerates, which could probably act as voids and/or stress concentration sites
instead of offering localized reinforcement at the nanoscale. These SEM images explain the
microstructural variations due to MWCNTs’ type and their weight fractions, explaining
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differences in the mechanical, electrical, and thermal properties of manufactured hybrid
CFRPs by suggesting an improved dispersion of MWCNTs in the matrix, which could
optimize battery pack applications.

Figure 8. SEM images of hybrid nanocomposites (CFRPs): (a) microvoids in CFRPINi-3.0wt%
(b) epoxy-impregnated carbon fibers in CFRPINi-1.5wt%; (c) agglomerates of MWCNTs in CFRPIP-
2.5wt%; (d) magnified view of agglomerates of MWCNTs.

The FTIR analysis (Figure 9) of functionalized multiwalled carbon nanotubes (MWC-
NTs) revealed key functional groups and bonds introduced during modification. A strong,
broad peak at 3426 cm ™! confirmed the presence of hydroxyl (-OH) groups, likely from
residual water or hydroxylation during functionalization. Weak C-H stretching vibrations
at 2923 cm ! and 2851 cm ! suggested alkyl chain incorporation, potentially from the
butyl group of the [BMIM][Tf,N] ionic liquid. A very weak peak at 1733 cm~! hinted
at minor oxidation (C=0), though its low intensity implies limited carbonyl formation.
The 1634 cm ™! peak corresponded to C=C aromatic stretching in the MWCNT framework,
consistent with the graphitic structure.

Peaks at 1390 cm !, at 1457 cm~1, and in the 1500-1600 ¢m ! range were attributed to
imidazolium ring vibrations (from [BMIM] ") and C-H bending in alkyl chains, confirming
ionic liquid interaction. Notably, the expected S-N-S stretching modes of the [Tf,N]~ anion
(1350-1200 cm ') were absent, implying weak or non-covalent interactions with MWCNTs.
The anomalous doublet at 2368/2334 cm ! was likely overtones or artifacts rather than
fundamental bonds. Overall, the spectrum validated successful hydroxylation and alkyl
chain functionalization, with evidence of [BMIM]* cation integration but minimal covalent
bonding with the [Tf,N]~ anion. These findings align with surface modifications typical
of ionic liquid-treated MWCNTs, where physical adsorption or electrostatic interactions
dominate over covalent bonding for the anion. The absence of strong oxidation signals (e.g.,
pronounced C=0) suggests controlled functionalization, preserving the structural integrity
of the nanotubes while introducing desired surface groups for enhanced compatibility
or reactivity.
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Figure 9. FTIR results verifying the presence of ionic liquid on the surface of MWCNTs.

4. Conclusions

Treating P-MWCNTs and Ni-MWCNTs with BMI-TFSI significantly improves the
properties of these nanomaterials, which ultimately enhances the electrical, mechanical,
and thermal properties of the bulk composites. Ionic liquid facilitates proper dispersion by
increasing the interaction of MWCNTs with the epoxy matrix due to cations and anions. For
Ni-MWCNTs (with >60 wt% nickel), the higher nickel content in nickel-coated MWCNTs
further improves the electrical and thermal conductivity of MWCNTs, while BMI-TFSI
ionic liquid enhances the toughness and impact resistance by improving dispersion and
interfacial bonding. As a result, these modifications lead to enhanced mechanical properties,
including increased strength and durability, while also optimizing the composite’s thermal
stability and electrical performance. This combination of improved properties makes these
hybrid nanocomposites highly suitable for advanced applications in electronics, aerospace,
and automotive industries. Moreover, their low thermal conductivity and high thermal
resistance could be beneficial from a fire safety perspective. This characteristic may help
to prevent the rapid spread of flames and heat, offering valuable time for evacuation and
minimizing damage in the case of fire hazards. This makes the material particularly suitable
for applications where thermal management is critical to ensure safety and performance
under extreme conditions, as in battery packaging and electrical insulation. The integration
of hybrid CFRPs in these applications could not only enhance safety aspects but may also
contribute to increasing the lifespan and efficiency of electronic devices.

Author Contributions: Conceptualization, U.F. and L.S.; methodology, U.F,, V.B.,, GM., S.F. and L.S,;
validation, V.B., S.F. and L.S.; formal analysis, U.E; investigation, U.F,; resources, V.B., S.F. and L.S;
data curation, U.E, V.B., GM., S.F. and L.S.; writing—original draft preparation, U.F,; writing—review
and editing, V.B., S.F. and L.S.; visualization, U.F. and L.S.; supervision, L.S.; project administration,



Polymers 2025, 17, 1056 15 of 17

V.B., S.F. and L.S,; funding acquisition, L.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Acknowledgments: This publication is part of the project PNRR-NGEU, which has received funding
from the MUR-DM 352/2022. This study was carried out within the MOST-Sustainable Mobility
Center and received funding from the European Union Next-Generation EU (PIANO NAZIONALE
DI RIPRESA E RESILIENZA (PNRR)-MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4-D.D.
1033 17 June 2022, CN00000023). This manuscript reflects only the authors” views and opinions;
neither the European Union nor the European Commission can be considered responsible for them.

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

References

1. Wan, Y,; Takahashi, ]. Development of carbon fiber-reinforced thermoplastics for mass-produced automotive applications in
japan. J. Compos. Sci. 2021, 5, 86. [CrossRef]

2. Kishore, K.S.; Subbaiah, K.V. Carbon Fiber and Carbon Fiber Reinforced Epoxy Composites for Automotive Applications—A
Review. J. Adv. Res. Appl. Sci. Eng. Technol. 2023, 29, 272-282. [CrossRef]

3.  Patel, K,; Potluri, P; Yousaf, Z.; Wilkinson, A. Multi-scale reinforcement of epoxy composites-Use of carbon fibre fabrics coated
with an epoxy binder containing MWCNTs for improved interlaminar fracture resistance. Compos. Part B Eng. 2019, 165, 109-119.
[CrossRef]

4. Ren, X,; Sherif, M.M.; Wei, Y.; Lyu, Y.; Sun, Y.; Ozbulut, O.E. Effect of corrosion on the tensile and fatigue performance of CFRP
strand Sheet/Steel double strap joints. Eng. Struct. 2022, 260, 114240. [CrossRef]

5. Moyer, K,; Meng, C.; Marshall, B.; Assal, O.; Eaves, J.; Perez, D.; Karkkainen, R.; Roberson, L.; Pint, C.L. Carbon fiber reinforced
structural lithium-ion battery composite: Multifunctional power integration for CubeSats. Energy Storage Mater. 2020, 24, 676-681.
[CrossRef]

6.  Choi, ].; Zabihi, O.; Varley, R.J.; Fox, B.; Naebe, M. High performance carbon fiber structural batteries using cellulose nanocrystal
reinforced polymer electrolyte. ACS Appl. Mater. Interfaces 2022, 14, 45320-45332. [CrossRef] [PubMed]

7.  Simdes, S. High-performance advanced composites in multifunctional material design: State of the art, challenges, and future
directions. Materials 2024, 17, 5997. [CrossRef]

8.  Pernice, M.F; Qi, G.; Senokos, E.; Anthony, D.B.; Nguyen, S.; Valkova, M.; Greenhalgh, E.S.; Shaffer, M.S.; Kucernak, A.R.
Mechanical, electrochemical and multifunctional performance of a CFRP/carbon aerogel structural supercapacitor and its
corresponding monofunctional equivalents. Multifunct. Mater. 2022, 5, 025002. [CrossRef]

9.  Zafeiropoulou, K.; Kostagiannakopoulou, C.; Geitona, A.; Tsilimigkra, X.; Sotiriadis, G.; Kostopoulos, V. On the multi-functional
behavior of graphene-based nano-reinforced polymers. Materials 2021, 14, 5828. [CrossRef]

10. Skosana, S.J.; Khoathane, C.; Malwela, T. Driving towards sustainability: A review of natural fiber reinforced polymer composites
for eco-friendly automotive light-weighting. |. Thermoplast. Compos. Mater. 2025, 38, 754-780. [CrossRef]

11.  Senthil Kumar, M.; Sakthivel, G.; Jagadeeshwaran, R.; Lakshmipathi, J.; Vanmathi, M.; Mohanraj, T.; Admassu, Y. Development of
Eco-Sustainable Silica-Reinforced Natural Hybrid Polymer Composites for Automotive Applications. Adv. Mater. Sci. Eng. 2022,
2022,5924457. [CrossRef]

12. Choudhary, S.; Sain, M.K.; Kumar, V.; Saraswat, P; Jindal, M.K. Advantages and applications of sisal fiber reinforced hybrid
polymer composites in automobiles: A literature review. Mater. Today Proc. 2023, in press. [CrossRef]

13.  Blanco, D.; Rubio, E.M.; Lorente-Pedreille, R.M.; Sdenz-Nufio, M. A. Lightweight structural materials in open access: Latest trends.
Materials 2021, 14, 6577. [CrossRef] [PubMed]

14. Ghosh, M,; Ghosh, A.; Roy, A. Renewable and sustainable materials in automotive industry. Encycl. Renew. Sustain. Mater. 2020,
2020, 162-179.

15. Hao, M,; Qian, X,; Zhang, Y.; Yang, |J.; Li, C.; Gong, H.; Wang, X.; Wang, P,; Liu, L.; Huang, Y. Thermal conductivity enhancement
of carbon fiber/epoxy composites via constructing three-dimensionally aligned hybrid thermal conductive structures on fiber
surfaces. Compos. Sci. Technol. 2023, 231, 109800. [CrossRef]

16. Adeoti, M.O.; Jamiru, T.; Adegbola, T.A.; Suleiman, I.; Abdullahi, M.; Aramide, B.P. Selection criteria of polymer nanocomposites

for electrical energy storage applications: A concise review. Express Polym. Lett. 2025, 19, 208. [CrossRef]


http://doi.org/10.3390/jcs5030086
http://dx.doi.org/10.37934/araset.29.3.272282
http://dx.doi.org/10.1016/j.compositesb.2018.11.100
http://dx.doi.org/10.1016/j.engstruct.2022.114240
http://dx.doi.org/10.1016/j.ensm.2019.08.003
http://dx.doi.org/10.1021/acsami.2c11034
http://www.ncbi.nlm.nih.gov/pubmed/36178739
http://dx.doi.org/10.3390/ma17235997
http://dx.doi.org/10.1088/2399-7532/ac65c8
http://dx.doi.org/10.3390/ma14195828
http://dx.doi.org/10.1177/08927057241254324
http://dx.doi.org/10.1155/2022/5924457
http://dx.doi.org/10.1016/j.matpr.2023.02.072
http://dx.doi.org/10.3390/ma14216577
http://www.ncbi.nlm.nih.gov/pubmed/34772103
http://dx.doi.org/10.1016/j.compscitech.2022.109800
http://dx.doi.org/10.3144/expresspolymlett.2025.16

Polymers 2025, 17, 1056 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Antony Jose, S.; Cowan, N.; Davidson, M.; Godina, G.; Smith, I.; Xin, J.; Menezes, PL. A Comprehensive Review on Cellulose
Nanofibers, Nanomaterials, and Composites: Manufacturing, Properties, and Applications. Nanomaterials 2025, 15, 356. [CrossRef]
Mohd Nurazzi, N.; Asyraf, M.M.; Khalina, A.; Abdullah, N.; Sabaruddin, F.A.; Kamarudin, S.H.; Ahmad, S.; Mahat, A.M.; Lee,
C.L.; Aisyah, H.; et al. Fabrication, functionalization, and application of carbon nanotube-reinforced polymer composite: An
overview. Polymers 2021, 13, 1047. [CrossRef]

Wu, Z.; Zhao, Y.; Yang, K.; Guan, J.; Wang, S.; Gu, Y.; Li, M,; Feng, Y.,; Feng, W.; Ritchie, R.O. Enhancing the mechanical
performance of fiber-reinforced polymer composites using carbon nanotubes as an effective nano-phase reinforcement. Adv.
Mater. Interfaces 2023, 10, 2201935. [CrossRef]

Shah, V.; Bhaliya, J.; Patel, G.M.; Deshmukh, K. Advances in polymeric nanocomposites for automotive applications: A review.
Polym. Adv. Technol. 2022, 33, 3023-3048. [CrossRef]

Chen, R.; Zhou, Y.; Li, X. Cotton-derived Fe/Fe3C-encapsulated carbon nanotubes for high-performance lithium-sulfur batteries.
Nano Lett. 2022, 22, 1217-1224. [CrossRef]

Dhanaraju, G.; Pittala, RK; Ben, B.S.; Atgur, V.; Banapurmath, N.; Umarfarooq, M.; Khan, T,; Singh, B. Enhanced mechanical performance
and damping behavior of CFRP composites through exfoliated MWCNT functionalization. Nanocomposites 2024, 10, 184-200. [CrossRef]
Brown, A.D.; Bakis, C.E.; Smith, E.C. Effect of carbon nanotube surface treatment on the dynamic mechanical properties of a
hybrid carbon/epoxy composite laminate. Compos. Sci. Technol. 2023, 231, 109807. [CrossRef]

Kumar, S.; Singh, A.; Tiwari, M. Numerical and analytical modelling of effective thermal conductivity of multi-walled carbon nanotubes
polymer nanocomposites including the effect of nanotube orientation and interfacial thermal resistance. Nanocomposites 2023, 9, 30—42.
[CrossRef]

Chen, J. Electrical and thermal properties of epoxy matrix composite materials reinforced with multi-walled carbon nanotubes
under different weight fraction conditions. Authorea Prepr. 2023.. [CrossRef]

Spinelli, G.; Guarini, R.; Guadagno, L.; Vertuccio, L.; Romano, V. Thermo-Mechanical and Thermo-Electric Properties of a
Carbon-Based Epoxy Resin: An Experimental, Statistical, and Numerical Investigation. Materials 2024, 17, 3596. [CrossRef]
[PubMed]

Zhang, C.; Ling, Y.; Zhang, X.; Liang, M.; Zou, H. Ultra-thin carbon fiber reinforced carbon nanotubes modified epoxy composites
with superior mechanical and electrical properties for the aerospace field. Compos. Part A Appl. Sci. Manuf. 2022, 163, 107197.
[CrossRef]

Sabet, M. Advanced Functionalization Strategies for Carbon Nanotube Polymer Composites: Achieving Superior Dispersion and
Compatibility. Polym.-Plast. Technol. Mater. 2025, 64, 465-494. [CrossRef]

Nurazzi, N.; Sabaruddin, F; Harussani, M.; Kamarudin, S.; Rayung, M.; Asyraf, M.; Aisyah, H.; Norrrahim, M.; Ilyas, R;;
Abdullah, N.; et al. Mechanical performance and applications of cnts reinforced polymer composites—A review. Nanomaterials
2021, 11, 2186. [CrossRef]

Mozaffarinasab, H.; Jamshidi, M. Surface modification of carbon nanotubes by a bifunctional amine silane; effects on physi-
cal/mechanical/thermal properties of epoxy nanocomposite. Prog. Org. Coatings 2023, 179, 107521. [CrossRef]

Salahuddin, B.; Faisal, S.N.; Baigh, T.A.; Alghamdi, M.N.; Islam, M.S.; Song, B.; Zhang, X.; Gao, S.; Aziz, S. Carbonaceous
materials coated carbon fibre reinforced polymer matrix composites. Polymers 2021, 13, 2771. [CrossRef] [PubMed]

Cao, Y,; Farouk, N.; Mortezaei, N.; Yumashev, A.V.; Akhtar, M.N.; Arabmarkadeh, A. Investigation on microwave absorption
characteristics of ternary MWCNTs/CoFe,O4 /FeCo nanocomposite coated with conductive PEDOT-Polyaniline Co-polymers.
Ceram. Int. 2021, 47, 12244-12251. [CrossRef]

Raja, M.A.Z.; Sabati, M.; Parveen, N.; Awais, M.; Awan, S.E.; Chaudhary, N.I.; Shoaib, M.; Alquhayz, H. Integrated intelligent
computing application for effectiveness of Au nanoparticles coated over MWCNTs with velocity slip in curved channel peristaltic
flow. Sci. Rep. 2021, 11, 22550. [CrossRef]

Idumah, C.I. Novel advancements in green and sustainable polymeric nanocomposites coatings. Curr. Res. Green Sustain. Chem.
2021, 4, 100173. [CrossRef]

Domagata, K.; Borlaf, M.; Traber, J.; Kata, D.; Graule, T. Purification and functionalisation of multi-walled carbon nanotubes.
Mater. Lett. 2019, 253, 272-275. [CrossRef]

Patel, R.V,; Yadav, A.; Winczek, ]J. Physical, mechanical, and thermal properties of natural fiber-reinforced epoxy composites for
construction and automotive applications. Appl. Sci. 2023, 13, 5126. [CrossRef]

Aslam, M.M.A.; Kuo, HW.; Den, W.; Usman, M.; Sultan, M.; Ashraf, H. Functionalized carbon nanotubes (CNTs) for water and
wastewater treatment: Preparation to application. Sustainability 2021, 13, 5717. [CrossRef]

Sun, X,; Bao, J.; Li, K; Argyle, M.D.; Tan, G.; Adidharma, H.; Zhang, K.; Fan, M.; Ning, P. Advance in using plasma technology
for modification or fabrication of carbon-based materials and their applications in environmental, material, and energy fields.
Adv. Funct. Mater. 2021, 31, 2006287. [CrossRef]

Jung, H.; Choi, HK,; Oh, Y,; Hong, H.; Yu, ]. Enhancement of thermo-mechanical stability for nanocomposites containing plasma
treated carbon nanotubes with an experimental study and molecular dynamics simulations. Sci. Rep. 2020, 10, 405. [CrossRef]


http://dx.doi.org/10.3390/nano15050356
http://dx.doi.org/10.3390/polym13071047
http://dx.doi.org/10.1002/admi.202201935
http://dx.doi.org/10.1002/pat.5771
http://dx.doi.org/10.1021/acs.nanolett.1c04380
http://dx.doi.org/10.1080/20550324.2024.2335698
http://dx.doi.org/10.1016/j.compscitech.2022.109807
http://dx.doi.org/10.1080/20550324.2023.2218240
http://dx.doi.org/10.22541/au.167543648.89842658/v1
http://dx.doi.org/10.3390/ma17143596
http://www.ncbi.nlm.nih.gov/pubmed/39063892
http://dx.doi.org/10.1016/j.compositesa.2022.107197
http://dx.doi.org/10.1080/25740881.2024.2409312
http://dx.doi.org/10.3390/nano11092186
http://dx.doi.org/10.1016/j.porgcoat.2023.107521
http://dx.doi.org/10.3390/polym13162771
http://www.ncbi.nlm.nih.gov/pubmed/34451310
http://dx.doi.org/10.1016/j.ceramint.2021.01.073
http://dx.doi.org/10.1038/s41598-021-98490-y
http://dx.doi.org/10.1016/j.crgsc.2021.100173
http://dx.doi.org/10.1016/j.matlet.2019.06.085
http://dx.doi.org/10.3390/app13085126
http://dx.doi.org/10.3390/su13105717
http://dx.doi.org/10.1002/adfm.202006287
http://dx.doi.org/10.1038/s41598-019-56976-w

Polymers 2025, 17, 1056 17 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yu, S.; Wu, Y,; Xue, Q.; Zhu, ].].; Zhou, Y. A novel multi-walled carbon nanotube-coupled CoNi MOF composite enhances the
oxygen evolution reaction through synergistic effects. . Mater. Chem. A 2022, 10, 4936—4943. [CrossRef]

Hayyan, M.; Abed, KM.; Azzouz, A.; Hayyan, A.; AL-Mashhadani, M.K. Natural deep eutectic solvent-functionalized multiwall
carbon nanotubes for lead removal from wastewater. Chem. Eng. Process.-Process Intensif. 2024, 205, 109961. [CrossRef]
Uthaman, A.; Lal, H.M.; Li, C,; Xian, G.; Thomas, S. Mechanical and water uptake properties of epoxy nanocomposites with
surfactant-modified functionalized multiwalled carbon nanotubes. Nanomaterials 2021, 11, 1234. [CrossRef]

Fikri, M.A.; Pandey, A.; Samykano, M.; Kadirgama, K.; George, M.; Saidur, R.; Selvaraj, J.; Abd Rahim, N.; Sharma, K.; Tyagi, V.
Thermal conductivity, reliability, and stability assessment of phase change material (PCM) doped with functionalized multi-wall
carbon nanotubes (FMWCNTs). |. Energy Storage 2022, 50, 104676. [CrossRef]

Turan, E; Guclu, M.; Gurkan, K.; Durmus, A.; Taskin, Y. The effect of carbon nanotubes loading and processing parameters on the
electrical, mechanical, and viscoelastic properties of epoxy-based composites. . Braz. Soc. Mech. Sci. Eng. 2022, 44, 93. [CrossRef]
Kazemi, A.S.; Nataj, Z.E.; Abdi, Y.; Abdol, M.A. Tuning wettability and surface order of MWCNTs by functionalization for water
desalination. Desalination 2021, 508, 115049. [CrossRef]

Dutta, V.;; Verma, R.; Gopalkrishnan, C.; Yuan, M.H.; Batoo, K.M.; Jayavel, R.; Chauhan, A.; Lin, K.Y.A.; Balasubramani, R,;
Ghotekar, S. Bio-inspired synthesis of carbon-based nanomaterials and their potential environmental applications: A state-of-the-
art review. Inorganics 2022, 10, 169. [CrossRef]

Guo, K.W. Carbon Nanotubes Synthesized by Green/Eco-friendly Technique Potential for Bioenergy Applications. In Nanomate-
rials in Biofuels Research; Springer: Singapore, 2020; pp. 251-274.

Ezzatzadeh, E.; Sheikholeslami-Farahani, F; Yadollahzadeh, K.; Rezayati, S. Highly efficient reusable carboxy group functionalized
imidazolium salts for a simple and cost-effective preparation of pyrano [2, 3-d] pyrimidinone derivatives. Comb. Chem. High
Throughput Screen. 2021, 24, 1465-1475. [CrossRef]

Abaide, E.R.; Muller, C.C.; Draszewski, C.P,; Tres, M.V.; Mazutti, M.A.; Zabot, G.L. Chemistry of ionic liquid, switchable solvents,
supercritical carbon dioxide and sub/supercritical water. In Advanced Nanotechnology and Application of Supercritical Fluids;
Springer: Cham, Switzerland, 2020; pp. 165-198.

Meshksar, M.; Afshariani, F; Rahimpour, M.R. Industrial applications of green solvents for sustainable development of technologies in
organic synthesis. In Applications of Nanotechnology for Green Synthesis; Springer: Cham, Switzerland, 2020; pp. 435-455.

Tzani, A.; Karadendrou, M.A.; Kalafateli, S.; Kakokefalou, V.; Detsi, A. Current trends in green solvents: Biocompatible ionic
liquids. Crystals 2022, 12, 1776. [CrossRef]

Shamshina, J.L.; Berton, P. Ionic liquids as designed, multi-functional plasticizers for biodegradable polymeric materials: A
mini-review. Int. J. Mol. Sci. 2024, 25, 1720. [CrossRef]

Mishra, K.; Devi, N.; Siwal, S.S.; Zhang, Q.; Alsanie, W.E,; Scarpa, F.; Thakur, VK. Ionic liquid-based polymer nanocomposites for
sensors, energy, biomedicine, and environmental applications: Roadmap to the future. Adv. Sci. 2022, 9, 2202187. [CrossRef]
Ray, P; Pilania, M. The application and influence of ionic liquids in nanotechnology. Mater. Today Proc. 2021, 47, 2835-2838.
[CrossRef]

Wei, L.; Wang, L.; Cui, Z; Liu, Y,; Du, A. Multifunctional applications of ionic liquids in polymer materials: A brief review.
Molecules 2023, 28, 3836. [CrossRef] [PubMed]

Matuszek, K.; Piper, S.L.; Brzeczek-Szafran, A.; Roy, B.; Saher, S.; Pringle, ].M.; MacFarlane, D.R. Unexpected energy applications
of ionic liquids. Adv. Mater. 2024, 36, 2313023. [CrossRef] [PubMed]

Peng, K; Lin, J.; Yang, D.; Fu, F; Dai, Z.; Zhou, G.; Yang, Z. Molecular-level insights into interfacial interaction—nanostructure
relationships of imidazolium-based ionic liquids around carbon nanotube electrodes. Ind. Eng. Chem. Res. 2022, 61, 14051-14065.
[CrossRef]

ASTM D7264/D7264M-21; Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials. ASTM International:
West Conshohocken, PA, USA, 2021.

ASTM D7028-20; Standard Test Method for Glass Transition Temperature (DMA Tg) of Polymer Matrix Composites by Dynamic
Mechanical Analysis (DMA). ASTM International: West Conshohocken, PA, USA, 2020.

ASTM E1530-19; Standard Test Method for Evaluating the Resistance to Thermal Transmission of Materials by the Guarded Heat
Flow Meter Technique. ASTM International: West Conshohocken, PA, USA, 2019.

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.


http://dx.doi.org/10.1039/D1TA10681C
http://dx.doi.org/10.1016/j.cep.2024.109961
http://dx.doi.org/10.3390/nano11051234
http://dx.doi.org/10.1016/j.est.2022.104676
http://dx.doi.org/10.1007/s40430-022-03393-2
http://dx.doi.org/10.1016/j.desal.2021.115049
http://dx.doi.org/10.3390/inorganics10100169
http://dx.doi.org/10.2174/1386207323666201007154343
http://dx.doi.org/10.3390/cryst12121776
http://dx.doi.org/10.3390/ijms25031720
http://dx.doi.org/10.1002/advs.202202187
http://dx.doi.org/10.1016/j.matpr.2021.03.602
http://dx.doi.org/10.3390/molecules28093836
http://www.ncbi.nlm.nih.gov/pubmed/37175245
http://dx.doi.org/10.1002/adma.202313023
http://www.ncbi.nlm.nih.gov/pubmed/38411362
http://dx.doi.org/10.1021/acs.iecr.2c01256

	Introduction
	Materials and Methods
	Materials
	Methods
	Phase I: Surface Treatment of MWCNTs
	Phase II: Fabrication of CFRP Laminates

	Characterization

	Results and Discussion
	Conclusions
	References

