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A B S T R A C T

This study investigates the structural, thermal, morphological, and electrical properties of bio-based poly
urethane (PU) composites reinforced with carbon nanotubes (CNTs). PU was synthesized using methylene 
diphenyl diisocyanate (MDI) and palm kernel oil-derived polyol, while CNTs were incorporated in varying 
concentrations (1 %, 2 %, 5 %, and 10 %) via a sonication-assisted solution casting method. The chemical 
structure and successful incorporation of CNTs were confirmed using Fourier Transform Infrared Spectroscopy 
(FTIR), revealing the preservation of the PU backbone and the presence of non-covalent interactions such as 
hydrogen bonding. Principal Component Analysis (PCA) of FTIR data demonstrated effective differentiation 
between PU and PU/CNT composites based on subtle changes in the fingerprint region. Field Emission Scanning 
Electron Microscopy (FESEM) confirmed a uniform and well-integrated dispersion of CNTs in the PU matrix, with 
minimal aggregation, supporting effective nanofiller incorporation. Thermal analyses using Thermogravimetric 
Analysis (TGA) and Differential Scanning Calorimetry (DSC) revealed that CNTs improved the thermal stability, 
delayed decomposition onset, and increased residual char content, particularly at 5–10 wt% CNT. These en
hancements were attributed to CNTs' barrier effect and high thermal conductivity. Electrochemical Impedance 
Spectroscopy (EIS) further demonstrated a significant reduction in bulk resistance with increasing CNT con
centration, confirming enhanced electrical conductivity and the formation of conductive networks. The PU/CNT 
composites exhibited characteristic impedance behavior in line with the Randles circuit model, supporting their 
potential for electrochemical applications. Overall, the results indicate that CNT-reinforced PU composites 
possess enhanced thermal, structural, and electrochemical properties, making them promising candidates for 
flexible electronics, electrochemical sensors, and anti-corrosion coatings.

1. Introduction

Carbon nanomaterial applications to amplify the polymer as a 
composite are attracting many researchers due to their abundant nature 
and sustainability, along with their provision of the intimate interface 
needed for outstanding properties [1]. Based on the dimensions of 
dispersed carbon nanomaterials, there are several types of polymer 
nanocomposites, such as reduced graphene oxide (rGO), which is cate
gorized as a carbon-based nanofiller two-dimensional (2D), and other 
nanomaterials such as fullerene, carbon black, and carbon quantum dots 
(CQDs) that have unique particle forms, whereas the last type is carbon 

nanotubes (CNTs) that can be categorized as one-dimensional (1D). This 
type is divided into two, namely single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [2,3]. Carbon 
nanotubes (CNTs) are considered highly effective nanofillers due to their 
combination of structural and functional properties. Their exceptionally 
high aspect ratio and large specific surface area facilitate strong inter
facial interactions with polymer chains, which improve stress transfer 
and enhance mechanical reinforcement [4]. Additionally, their intrinsic 
mechanical strength and stiffness contribute to significant improve
ments in toughness, tensile strength, and durability when incorporated 
into polymer matrices. CNTs also exhibit superior electrical and thermal 
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conductivity, enabling the development of multifunctional composites 
with improved electrical pathways and enhanced thermal management 
properties [5,6]. Moreover, the chemical stability and low density of 
CNTs make them attractive for lightweight and durable composite ap
plications. Within CNT types, multi-walled carbon nanotubes 
(MWCNTs) are often preferred over single-walled carbon nanotubes 
(SWCNTs) because they combine better electrical conductivity, lower 
production cost, improved dispersibility in polymer matrices, and 
reduced cytotoxicity. These advantages have led to their broader 
application in polymer nanocomposites, particularly in contexts where 
cost-effectiveness, processability, and biocompatibility are critical [5,6].

To apply a specific composite, a specific polymer matrix plays a 
major role in obtaining satisfactory properties. Numerous polymer 
matrices have been studied. However, polyurethane (PU) has become 
the most famous and versatile polymer with a broad range of applica
tions and properties [7,8]. Polyurethane is commonly fabricated by two 
major segments; the hard segment has thermodynamic stability owing to 
the link between the hydrogen bonds and urethane. In contrast, the 
other segment, called the soft segment, endows PU with biodegrad
ability and flexibility [9]. Specifically, the hard domains act as physical 
crosslinking points, which enhance mechanical strength, stiffness, and 
thermal stability, while the soft domains provide elasticity, flexibility, 
and toughness. The degree of phase separation also governs critical 
properties such as the glass transition temperature, shape-memory 
performance, and solvent resistance. A higher extent of separation 
typically improves mechanical durability and thermal stability, whereas 
greater mixing between phases can enhance flexibility and process
ability [10]. The application of bio-based PU as a polymer matrix is due 
to environmental concerns, depletion of petroleum resources, and the 
cost of material for fabricating a polymer. Furthermore, natural poly
mers become a choice because they offer numerous advantages, such as 
being renewable, eco-friendly, biodegradable, biocompatible, and 
inexpensive [11]. Among numerous natural polymer studies, PUs are 
famous substrates for the development of numerous conductive fillers 
owing to their ease of fabrication and modification, outstanding me
chanical properties, and long lifespan, which is very good for reducing 
environmental pollution and waste of resources [12].

Polymers are typically characterized by low electrical conductivity; 
however, their properties can be significantly enhanced by the incor
poration of conductive fillers [13]. Various conductive fillers have been 
extensively studied, including boron nitride nanotubes [14], carbon 
nanotubes (CNTs) [15], carbon nanofibers [16], carbon fibers [17], 
carbon black [18], expandable graphite [19], graphene [20], graphene 
nanoplatelets [21], and graphite [22]. Among these, carbon nanotubes 
have garnered significant attention due to their exceptional properties, 
such as low mass density, high aspect ratio, excellent thermal conduc
tivity, superior electrical conductivity, and remarkable mechanical 
strength [23].

Given these characteristics, the incorporation of CNTs into a polymer 
matrix is a highly effective strategy for enhancing electrical conductivity 
and modifying electrode properties. Polyurethane (PU), a versatile block 
copolymer comprising alternating soft and hard segments, serves as a 
promising matrix. The soft segment, often derived from polyols like 
palm kernel oil, and the hard segment, typically composed of diisocya
nates, are connected through urethane linkages (-NH-COO-) [9]. PU’s 
unique structural flexibility and tunable properties make it an ideal 
candidate for hosting conductive fillers.

This study explores the integration of CNTs as conductive nanofillers 
in a PU matrix, examining various concentrations to enhance composite 
conductivity and performance. It introduces a novel approach by 
applying PCA to FTIR data to detect absorbance differences and using 
TGA to assess thermal degradation. These techniques, alongside CNT 
incorporation, support the development of efficient, conductive 
polymer-based electrodes for advanced electrochemical sensors. This 
combined analysis highlights the study's innovation.

2. Experimental procedures

2.1. Materials

Polyurethane was synthesized by Munir et al. [24] using 4,4-diphe
nylmethane diisocyanate (MDI) with an NCO content of 32 % and 
palm kernel oil (PKO), which had a hydroxyl value (OHV) of approxi
mately 370 mg KOH/g and a moisture content below 0.1 %. PT supplied 
both MDI and PKO. Chemie Mitra Indonesia. Carbon nanotubes (CNTs) 
and N,N-dimethylformamide (DMF) were procured from Sigma Aldrich 
Indonesia. All chemicals used in the study were of analytical grade to 
ensure experimental reliability. Solutions were prepared using deion
ized water and stored at 4 ◦C to maintain stability and prevent degra
dation during the experiments.

3. Fabrication of PU/CNT

In the initial step, varying concentrations of CNTs (1, 2, 5, and 10 wt 
%) were prepared and dissolved in dimethylformamide (DMF) within an 
Erlenmeyer flask. To achieve uniform dispersion of the CNTs, the 
mixture was subjected to sonication at 60 ◦C while being stirred 
magnetically. The sonicator's temperature was carefully regulated by 
adding water to maintain the temperature. The process continued until a 
dark, ink-like solution was formed, indicating complete dispersion of the 
CNTs. Subsequently, approximately 10 mL of polyurethane (PU) solu
tion was added to the CNT dispersion, and the mixture was stirred until a 
homogeneous solution was obtained. The final solution was then sub
jected to an evaporation casting process to produce a PU/CNT composite 
film. This involved pouring the solution into a mold and removing the 
solvent by placing the cast in a vacuum oven at 60◦C for 6 h. This 
method ensured the formation of a uniform and well-integrated PU/CNT 
film.

3.1. Investigation of morphological, thermal, mechanical, and electrical 
conductivity properties of PU/CNT composites

Before analysis, the PU/CNT films were conditioned for 24 h at room 
temperature to ensure equilibrium. Surface Analysis: The surface 
morphology of the PU/CNT composites was investigated using a Field- 
Emission Scanning Electron Microscope (FESEM, JSM-6510 LA), 
equipped with Energy-Dispersive X-ray (EDX) spectroscopy for 
elemental composition analysis. Thermal Characterization; Ther
mogravimetric Analysis (TGA): The thermal stability of the PU/CNT 
composites was assessed using a PerkinElmer Pyris TGA. Approximately 
10 mg of the sample was cut, weighed, and analyzed. The temperature 
range was set from 40◦C to 800◦C at a heating rate of 25 ◦C/min under a 
nitrogen gas flow of 50 mL/min. Principal Component Analysis (PCA) is 
applied to derivative thermogravimetry (DTG) data to evaluate thermal 
degradation differences between PU, PU/CNT, and CNT. The analysis is 
performed using Orange software version 3.36.1. Demsar et al., [25]. 
Differential Scanning Calorimetry (DSC): A PerkinElmer Pyris DSC 
was employed to study the thermal transitions. Approximately 10 mg of 
PU/CNT was cut, weighed, and sealed in aluminum pans. The sample 
was heated from 25◦C to 150◦C at a rate of 20 ◦C/min, held for 3 min, 
and then rapidly cooled to − 100◦C for 2 min. A second heating cycle was 
conducted from − 100◦C to 200◦C at the same rate. The glass transition 
temperature (Tg) was determined from the inflection point in the heat 
capacity curve. Chemical Characterization: The chemical structure of 
the PU/CNT composites was analyzed using Fourier Transform Infrared 
(FTIR) spectroscopy (Thermo Scientific Nicolet iS10) with a Diamond 
Attenuated Total Reflectance (DATR) accessory. Functional groups were 
examined to verify the successful fabrication of PU/CNT composites: 
The -NH, -CH, -NCO, and -C––O were considered in the PU, where the 
-NH₂, -NO₂, and -SO₃H were for the CNT. Principal component analysis 
(PCA) was employed to analyze the difference in absorbance at specific 
wavelengths for PU/CNT, PU, and MDI. The heatmap generated by the 
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MetaboAnalyst 6.0.0 software was used to visualize the results [26,27]. 
Mechanical: Tensile tests were conducted using an Instron 5566 uni
versal testing machine following ASTM D638 (Standard Test Method for 
Tensile Properties of Plastics). Polyurethane films and polyurethane 
composites containing various concentrations of carbon nanotubes were 
cut into dumbbell-shaped specimens with dimensions. The tensile 
properties of the polyurethane films were measured at a strain rate of 
10 mm/min using a 5 kN load cell. Electrical Conductivity Analysis: 
The electrical properties of the PU/CNT composites were investigated 
using Electrochemical Impedance Spectroscopy (EIS) with an Electro
chemical Workstation (Sebelas Maret University, Indonesia). A 
three-electrode setup was used, such as PU/CNT (working electrode), 
platinum wire (auxiliary electrode), and Ag/AgCl (reference electrode). 
Measurements were conducted at room temperature under open-circuit 
potential (OCP). The frequency range was 10 MHz to 10 kHz with an 
amplitude of 10 mV. Data analysis was performed using the ZView 
Analyzer software to interpret impedance and resistance profiles.

4. Results and discussion

Fourier Transform Infrared Spectroscopy (FTIR) was utilized to 
investigate the chemical structure and to confirm the successful syn
thesis of both polyurethane (PU) and polyurethane/carbon nanotube 
(PU/CNT) composites, as illustrated in Fig. 1. The analysis focused on 
identifying key functional groups characteristic of the polyurethane 
(PU) backbone, which are critical for elucidating the chemical in
teractions between the PU matrix and carbon nanotubes within the 
composite structure. These functional groups serve as spectral markers 
for assessing molecular compatibility, dispersion quality, and potential 
bonding mechanisms between the matrix and fillers [28]. A total of 
twenty distinct absorption peaks were detected, corresponding to mo
lecular vibrations attributed to PU-CNT, pure PU, or methylene diphenyl 
diisocyanate (MDI). The detailed peak assignments and their in
terpretations are summarized in Table 1.

Notably, the characteristic absorption band observed around 
~3200 cm− 1 corresponds to N–H stretching vibrations of urethane 
amide groups, confirming the presence of urethane linkages formed 
during polymerization [30]. Absorption bands near ~2900 cm− 1 are 
attributed to aliphatic C–H stretching, commonly originating from pol
yol and polyethylene glycol (PEG) segments. A key observation is the 
absence of the isocyanate (-N = C––O) stretching band typically ex
pected around ~2270–2400 cm− 1. This absence indicates complete 
consumption of isocyanate groups through reactions with hydroxyl 
groups from the polyol and PEG, confirming the formation of a fully 

crosslinked polyurethane (PU) network [31].
Additional absorption bands around ~1300 cm− 1 are attributed to 

carbamate (-C–NH) functionalities, while peaks near ~1100 cm− 1 are 
indicative of C–O–C stretching vibrations, characteristic of ether link
ages within the polyether soft segments, consistent with PU synthesized 
using methylene diphenyl diisocyanate (MDI) and palm kernel oil-based 
polyester polyol. These spectral features support the expected chemical 
architecture of the synthesized PU matrix. Importantly, no absorption 
was detected near ~1690 cm− 1, the region typically associated with 
C––O stretching of urea linkages. This absence suggests that side re
actions with moisture, often leading to urea formation, were effectively 
minimized during synthesis [32].

The incorporation of carbon nanotubes (CNTs) did not introduce any 
new covalent bonding features, as the FTIR spectra of PU/CNT com
posites closely resembled those of neat PU. This suggests that CNTs were 
physically embedded in the matrix or engaged in weak non-covalent 
interactions. However, subtle variations in the intensity of N–H and 
C–O–C absorption bands may imply the presence of hydrogen bonding 
or secondary physical interactions between PU chains and the CNT 
surface, which is consistent with previous findings on CNT-polymer 
composites [33].

Single-walled carbon nanotubes (SWCNTs) are known to interact 
more strongly with the carbonyl (C––O) groups of polyurethane-amide 
(PUA) than with the amide nitrogen. This preferential interaction dis
rupts the typical inter- and intra-molecular hydrogen bonding network 
within the PU matrix, effectively blocking these interactions and altering 
the polymer's microstructure [34]. These subtle yet significant in
teractions are detectable through attenuated total reflectance Fourier 
transform infrared (ATR-FTIR) spectroscopy, which reveals changes in 
peak intensities rather than the emergence of new functional group 
bands, suggesting physical rather than covalent bonding between PU 
and SWCNTs [35].

Furthermore, to quantitatively validate these spectral differences, 
ATR-FTIR data were further analyzed using Principal Component 
Analysis (PCA). Absorbance values from twenty characteristic peaks 
were used as variables to differentiate among four sample groups: PU, 
PU-CNT, and pure methylene diphenyl diisocyanate (MDI) (Fig. 2a). 
PCA converts the 20 chosen variables into a new array of Principal 
Components (PC1 to PC20), with each component representing a linear 
amalgamation of the original absorbance values. The components are 
then sorted according to the variance they account for in the dataset, 
with PC1 explaining the most and PC20 the least. Thus, the PCs serve not 
merely as mathematical abstractions but also hold structural impor
tance. The PCA results clearly distinguish the MDI sample, primarily due 
to the presence of the isocyanate (-N = C––O) stretching band at 
2241 cm− 1. This peak serves as the dominant contributor to Principal 
Component 1 (PC1), with an eigenvalue of 0.89529, highlighting its 
strong influence in sample separation. Meanwhile, the 753 cm− 1 peak 
contributes significantly to Principal Component 2 (PC2), with an 
eigenvalue of 0.57575, further assisting in differentiating the spectral 
profiles of PU-based materials.

Further analysis, excluding MDI, reveals that FTIR combined with 
Principal Component Analysis (PCA) effectively differentiates between 
PU and PU-CNT samples (Fig. 2b). The primary distinction lies along 
Principal Component 1 (PC1), where the most significant spectral 
contributor is the peak at 753 cm− 1, associated with an eigenvalue of 
0.57447. This peak, located in the fingerprint region of the spectrum, 
appears to be sensitive to subtle structural changes induced by carbon 
nanotube incorporation. The observed separation suggests that CNTs 
influence hydrogen bonding within the PU matrix, leading to alterations 
in vibrational modes, particularly in the fingerprint region, without the 
emergence of new functional groups. These spectral modifications 
reflect changes in molecular interactions, likely driven by physical or 
secondary bonding between CNTs and PU chains.

Beyond the fingerprint region, several other spectral regions 
exhibited notable differences between PU and PU-CNT composites, as Fig. 1. FTIR spectrum of PU/CNT, PU, MDI, and Polyol.
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visualized in the heatmap analysis (Fig. 3). Among these, peaks at 
946 cm− 1 and 1349 cm− 1 (within the fingerprint region), as well as a 
prominent band at 3394 cm− 1, showed significant intensity variations. 
These observations align with previous findings that carbon nanotubes 
(CNTs) interact preferentially with carbonyl (C––O) groups rather than 
with N–H groups in the polyurethane matrix [33] The reduced intensity 
at 3394 cm− 1 in PU-CNT composites suggests that hydrogen bonding 
involving N–H groups is partially disrupted, likely due to physical in
teractions between CNTs and the carbonyl groups, which are more 
accessible and chemically favorable for weak bonding.

Despite these differences, the overall FTIR spectra of PU and PU-CNT 
remain largely similar in terms of peak positions and wavenumbers. This 
consistency confirms that no new covalent bonds are formed between 

CNTs and the PU matrix. The interaction is predominantly physical 
adsorption, as further supported by morphological evidence from field 
emission scanning electron microscopy (FESEM), which shows CNTs 
embedded within the PU matrix without evidence of chemical bonding 
[32].

These findings also highlight the potential of FTIR spectroscopy, 
especially when integrated with multivariate calibration methods such 
as Partial Least Squares Regression (PLSR) or Principal Component 
Regression (PCR), as a reliable analytical tool for quantifying PU-to-PU/ 
CNT conversion. By correlating spectral features with CNT content, 
future studies may validate FTIR as a rapid, cost-effective, and envi
ronmentally sustainable method for monitoring CNT incorporation in 
PU composites. This approach offers significant advantages for real-time 

Table 1 
Infrared Spectra Interpretation of PU-CNT, PU, and MDI [29].

Wavenumber point 
(cm¡1)

Functional group interpretation Vibration mode Intensity Wavenumber range reference 
(cm¡1)

Compound

3397 Primary and secondary amines and amides (N-H) Stretching Medium 3500–3100 PU, PU-CNT
3303 Primary and secondary amines and amides (N-H) Stretching Medium 3500–3100 PU, PU-CNT
3007 Alkene C-H Stretching Strong 3100–3000 PU, PU-CNT
2922 Aliphatic alkane (C-H) Stretching Strong 3000–2850 PU, PU-CNT
2853 Aliphatic alkane (C-H) Stretching Strong 3000–2850 PU, PU-CNT
2241 Isocyanate 

(-N = C––O)
Asymmetric stretching Strong 2276 – 2240 MDI

1728 C––O in Ester (-COO) Stretching Strong 1750–1730 PU, PU-CNT
1718 Urethane C––O or Ester COO Stretching Strong 1725–1705 MDI
1653 Urethane C––O Stretching Strong 1680 PU, PU-CNT
1598 Aromatic C––C Stretching Medium-weak 1600–1475 PU, PU-CNT, MDI
1539 Amide N-H (-CONH) Bending Medium-Strong 1640–1550 PU, PU-CNT
1413 Alkane C-H Bending Medium 1450–1375 PU, PU-CNT
1379 Methyl CH3 Bending Medium 1450–1375 PU, PU-CNT
1349 Amine C-N Stretching Medium-strong 1350–1000 PU, PU-CNT
1307 C-O (Esther) Stretching Strong 1300–1000 PU, PU-CNT
1224 C-O (Esther) Stretching Strong 1300–1000 PU, PU-CNT
1067 C-O (Esther) Stretching Strong 1300–1000 PU, PU-CNT
946 Aromatic C-H Out-of-plane bending Strong 1000–650 PU, PU-CNT, MDI
810 Aromatic C-H Out-of-plane bending Strong 1000–650 PU, PU-CNT, MDI
753 Aromatic C-H Out-of-plane bending Strong 1000–650 PU, PU-CNT, MDI

Fig. 2. (a) PCA Biplot of MDI, PU, and PU-CNT; (b) PCA Biplot of PU and PU-CNT (Green nodes indicate PU-CNT samples and red nodes indicate PU samples).
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quality control and material verification in both research and industrial 
applications Asghari et al. [36].

To complement the chemical characterization obtained from FTIR, 
Field Emission Scanning Electron Microscopy (FESEM) was employed to 
examine the surface morphology of the PU and PU/CNT composite 
coatings (Fig. 4).

The FESEM micrographs, captured at magnifications ranging from 
200 × to 5000 × , offer valuable insights into both the film-forming 
quality of the polymer matrix and the dispersion behavior of carbon 
nanotubes within it. Across all samples, the images reveal a relatively 
uniform, continuous, and smooth surface morphology, indicating 
effective polymerization and good film integrity. The absence of sig
nificant surface defects or agglomerations suggests that the incorpora
tion of CNTs did not disrupt the film formation process. Instead, CNTs 
appear to be well dispersed within the matrix, likely due to the 
compatibility between the carbon nanomaterials and the bio-based PU 
system (Smirnov and Manevitch et al. [37]). This homogeneous 
morphology underscores the success of the synthesis approach in pro
ducing high-quality, defect-minimized coatings, even with the inclusion 
of nanofillers.

A closer examination of Fig. 4b, which corresponds to the PU/CNT 
composite, reveals the presence of discrete particulate features dispersed 

within the polymer surface. These features are not observed in the 
pristine PU sample and are therefore attributed to the embedded carbon 
nanotubes. The visible distribution indicates a reasonable level of 
dispersion; however, some agglomeration is likely, owing to the 
inherent tendency of carbon nanotubes (CNTs) to cluster via van der 
Waals forces (Smirnov and Manevitch et al. [37]). These intermolecular 
forces can result in the formation of agglomerates or bundles, where 
similar nanotubes self-assemble into highly ordered, crystalline struc
tures, as illustrated in Fig. 4b.

A study also reported the PU/multi-walled carbon nanotube 
(MWCNT) nanocomposites, showing the FESEM images demonstrated 
good dispersion and adhesion of the CNTs to the polymeric matrix, 
which is essential for improving the composite's mechanical properties 
[38]. Furthermore, the presence of CNTs, even in small clusters, may 
play a role in enhancing the surface roughness, thermal stability, and 
mechanical reinforcement of the PU matrix, as suggested in similar 
nanocomposite systems (Navidfar and Trabzon et al. [39]). The absence 
of major voids, cracks, or phase separation further confirms the 
compatibility of CNTs within the polymer matrix and the success of the 
dispersion technique employed during synthesis. When combined with 
FTIR results, the FESEM analysis provides visual confirmation of the 
nanocomposite formation. While FTIR confirmed chemical integration, 
FESEM supports the physical distribution and morphological stability 
imparted by CNT incorporation into the PU coating matrix. To evaluate 
the thermal performance of pure polyurethane (PU) and PU/carbon 
nanotube (PU/CNT) composites, both thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC) were conducted. 
These techniques provide insight into decomposition behavior, thermal 
transitions, and the impact of CNT incorporation on polymer stability. 
Fig. 5a presents the derivative thermogravimetric (DTG) curves of PU, 
PU/CNT, and CNT samples, with weight loss data summarized in 
Table 2.

Pure PU begins thermal decomposition between 250–280◦C, initially 
due to moisture and low molecular weight volatiles. A major degrada
tion event occurs from 320 to 400◦C, attributed to the breakdown of 
urethane linkages in the soft segments, resulting in a sharp 40–50 % 
mass loss. A secondary degradation stage follows between 400–480◦C, 
associated with the decomposition of hard segments derived from 
methylene diphenyl diisocyanate (MDI). By 500◦C, over 90 % of PU 
mass is lost, leaving minimal char residue, indicative of limited thermal 
resistance. In contrast, CNTs exhibit excellent thermal stability, with 
negligible degradation below 600◦C and only modest mass loss (5–10 %) 
between 600–800◦C due to minor oxidative processes. The high residual 
mass (~90 %) highlights their structural integrity and resistance to 
thermal breakdown [40].

The PU/CNT composite demonstrates superior thermal performance. 
Decomposition onset is delayed to ~280–300◦C, and degradation pro
ceeds more gradually from 350 to 450◦C. This shift reflects the insu
lating effect of CNTs, which restrict polymer chain mobility and act as 
thermal barriers [41]. Furthermore, the composite retains 20–30 % of its 
mass at 800◦C, confirming enhanced char formation and structural 
reinforcement. These improvements support the role of CNTs as effec
tive thermal stabilizers in nanocomposite systems [42].

Principal Component Analysis (PCA) was used on the comprehensive 
DTG dataset across all temperatures to discern certain temperature 
points that distinguish CNT from PU and PU/CNT (Fig. 6a) and to 
differentiate PU from PU/CNT (Fig. 6b). Four critical temperatures were 
identified to differentiate CNT from PU and PU/CNT, characterized by 
the highest PC1 contribution along the x-axis, namely 53–185◦C 
(eigenvalue of − 0.067 to − 0.068), 235–278◦C (eigenvalue of 0.067), 
398–408◦C (eigenvalue of 0.067–0.068), and 700–795◦C (eigenvalue of 
− 0.065 to − 0.068). PC1 accounts for 71.7 % of the explained variance, 
while the addition of PC2 results in a cumulative explanation of 100 % 
variance. At 53–185◦C, CNT exhibits significant weight loss in this range 
relative to PU and PU/CNT. This indicates that CNT may be releasing 
surface-adsorbed moisture, solvents, or small contaminants. At 

Fig. 3. Heatmap visualization of MDI, PU, and PU-CNT.
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Fig. 4. The micrographs of (a) PU and (b) PU/CNT film were analyzed by the FESEM.

Fig. 5. (a) TGA thermograms of PU, PU/CNT, and CNT, and (b) DSC thermograms of PU and PU/CNT composites.
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235–278◦C, PU and PU/CNT exhibit considerable weight loss, indicating 
polymer softening and partial degradation, while CNT remains stable. A 
significant weight loss for PU and PU/CNT was recorded at 398–408◦C, 
indicating the primary degradation phase for both materials. At 
700–795◦C, CNT exhibits a steady weight loss, indicating carbon-based 
structural alterations at elevated temperatures, whereas PU and PU/ 
CNT have already undergone degradation, resulting in low residue, but 
CNT maintains substantial mass due to its carbon composition (Fig. 5a).

The thermal degradation of PU was compared to that of PU/CNT 
using PCA. PC1, which distinguished PU from PU/CNT along the x-axis 
(Fig. 6B), was influenced by nearly all temperature ranges: 88–230◦C 
(eigenvalue of 0.058), 280–398◦C (eigenvalue of 0.058), 400–570◦C 
(eigenvalue of − 0.058), 578–715◦C (eigenvalue of 0.058), and 
720–795◦C (eigenvalue of − 0.058). The consistent eigenvalues exhib
iting both positive and negative variations indicate that the incorpora
tion of CNT results in a systematic shift, as uniform eigenvalues imply 
equal contributions from each temperature. At temperatures ranging 
from 88 to 230◦C, CNT may promote the release of moisture or the 
evaporation of residual solvents, resulting in initial weight loss of the 
polyurethane/carbon nanotube (PU/CNT) composite. At temperatures 
ranging from 280 to 398◦C, CNT likely alters heat absorption and dis
tribution, facilitating a more rapid onset of degradation. At tempera
tures ranging from 400 to 570◦C, most PU has already experienced 
degradation, while significant degradation of PU/CNT composites is 
postponed until 578–715◦C. DTG and TGA data collectively delineate 
the decomposition behavior of PU and PU/CNT by monitoring mass loss 
trends, degradation rates, and systematic thermal shifts; however, they 
do not elucidate the thermal transitions that occur in the absence of mass 

loss. Analyzing the DSC profile of PU and PU/CNT allows for the 
assessment of how CNT influences phase transitions, thermal stability 
before degradation, and energy absorption characteristics, thereby 
providing a comprehensive thermal characterization.

Differential scanning calorimetry (DSC) results, shown in Fig. 5b, 
further illustrate the impact of CNT incorporation on thermal transi
tions. For pure PU, a thermal event between 30–60◦C corresponds to 
moisture loss and low molecular volatiles. A subtle inflection near 85◦C 
is attributed to the glass transition temperature (Tg), marking the tran
sition from a glassy to a rubbery state. The Tg is influenced by the 
presence of MDI-based hard segments, which enhance the rigidity of the 
polymer [43]. A minor increase beyond 100◦C may be due to internal 
chain rearrangements or typical instrumental noise in subtle transition 
zones [44]. In comparison, the PU/CNT composite displays a markedly 
flatter DSC profile across the same temperature range. The negligible 
mass loss (<0.5 %) and absence of sharp transitions indicate superior 
moisture resistance and enhanced matrix stability. CNTs appear to 
suppress moisture diffusion and volatilization of low molecular weight 
components, an effect consistent with prior findings in PU-based nano
composites [45].

The thermal transition behavior of the samples was further assessed 
through DSC analysis (Fig. 5b), with emphasis on glass transition tem
perature (Tg), moisture evaporation, and initial crystallization behavior. 
In the case of pure PU, a significant thermal event occurs between 
30–60◦C, primarily due to the evaporation of absorbed moisture and low 
molecular weight volatiles. A gradual mass loss continues up to 
approximately 85◦C, where a minor inflection point suggests the glass 
transition temperature (Tg) of the polymer. The Tg reflects the transition 
from a rigid glassy state to a more flexible rubbery phase. The presence 
of MDI contributes to the formation of hard segments that influence this 
Tg behavior [43]. Notably, a small upward trend in the thermogram 
beyond 100◦C may be observed, potentially due to internal chain rear
rangements or minor instrumental artifacts common in DSC or TGA tests 
at subtle transitions [44]. Combined TGA and DSC analyses confirm that 
CNT integration significantly improves the thermal stability, char for
mation, and decomposition resistance of PU. These enhancements make 
PU/CNT composites promising candidates for applications requiring 
long-term thermal durability and stability.

Table 2 
The percentage of weight loss (%).

Temperature range 
(℃)

PU Weight Loss 
(%)

PU/CNT Weight 
Loss (%)

CNT Weight 
Loss (%)

< 250 ⁓0–5 % ⁓0–3 % ⁓0 %
250–400 ⁓50–60 % ⁓35–45 % ⁓0 %
400–600 ⁓30–40 % ⁓20–30 % ⁓5 %
600–800 ⁓5–10 % 

residue
⁓20–30 % residue ⁓90 % residue

Fig. 6. Principal component analysis visualization utilizing derivative weight data: (a) Differentiation of CNT from PU and PU/CNT, and (b) Comparison between PU 
and PU/CNT.
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The polyurethane (PU) film exhibited a tensile strength of 8.53 MPa, 
elongation at break of 43.34 %, and a modulus at 100 % strain of 
222.10 MPa, indicating good mechanical performance suitable for use 
as a structural substrate. PU properties depend strongly on formulation: 
polyols impart chain flexibility and elasticity, whereas methylene 
diphenyl diisocyanate (MDI) forms rigid, crosslinked hard segments that 
increase stiffness and deformation resistance. Incorporating carbon 
nanotubes (CNTs) affected the tensile behavior, with 1 wt% CNT 
showing the most significant improvement over neat PU, consistent with 
previous findings where 1 wt% multi-walled CNTs increased tensile 
stress to ~19.25 MPa and elongation to ~700 %, attributed to uniform 
dispersion, strong interfacial bonding, and effective reinforcement [46]. 
At 3–5 wt% CNT, tensile strength gains of ~34 % and substantial im
provements in electrical conductivity were reported, though agglomer
ation began to reduce mechanical uniformity (Huang et al. [47]). 
Beyond 5 wt%, modulus increases up to 20,000 % and tripled tensile 
strength has been observed, but elongation dropped to ~2.5 %, high
lighting the trade-off between stiffness and flexibility [48]. These results 
suggest that 1 wt% CNT offers optimal reinforcement for balancing 
strength, ductility, and conductivity, while higher loadings risk brittle
ness due to CNT agglomeration.

Verification of electrochemical behavior and conductivity enhance
ments of the developed coatings, Electrochemical Impedance Spectros
copy (EIS) was performed on pure polyurethane (PU) and PU/CNT 
composites containing varying CNT loadings (1 %, 2 %, 5 %, and 10 %). 
The experiments were conducted in phosphate-buffered saline (PBS, 
0.01 mol⋅L− 1, pH 7.2) and analyzed using the Zviewer Analyzer, which 
provided Nyquist plots and calculated bulk resistance (Rb) values by 
fitting the data to a validated Randles circuit model.

As shown in Fig. 7, all samples exhibit the characteristic impedance 
response of electrochemical systems, namely, a semicircular arc in the 
high-frequency region (indicative of charge transfer resistance) followed 
by a linear tail at low frequencies (suggesting Warburg impedance from 
ionic diffusion). These features confirm that the coating system behaves 
in accordance with the Randles equivalent circuit, commonly used to 
describe electrode/electrolyte interfaces [49].

The Nyquist plot for pure PU displays the largest semicircle diameter, 
signifying the highest Rb value and confirming the inherently insulating 
nature of polyurethane. However, with the incremental addition of 

CNTs (1 %, 2 %, 5 %, and 10 %), a clear trend emerges, where the 
semicircle diameter progressively shrinks, indicating a systematic 
reduction in bulk resistance. This trend is attributed to the formation of 
percolated conductive pathways within the PU matrix, as carbon 
nanotubes begin to interconnect and facilitate electron transport (Al- 
Safawi [50]). The improvements are especially prominent at higher CNT 
loadings (5–10 %), where the network density is sufficient to enable 
more continuous electron conduction throughout the polymer film. This 
phenomenon is consistent with percolation theory and has been 
observed in similar conductive polymer nanocomposite systems [51].

Furthermore, the Zviewer circuit modeling corroborates the experi
mental data, quantitatively showing decreased Rb values and enhanced 
conductivity as CNT content increases. These results reinforce the dual 
role of CNTs: not only do they improve mechanical and thermal prop
erties (as discussed in previous sections), but they also substantially 
enhance the electrical performance of the polymer matrix [52].

The data firmly establish that although pristine PU is electrochemi
cally inert, the incorporation of CNTs transforms it into a functionally 
conductive composite material, suitable for potential applications in 
flexible electronics, anti-corrosion coatings, sensors, or bioelectronic 
devices where a combination of flexibility, durability, and conductivity 
is required [53].

5. Conclusion

The incorporation of CNTs into a bio-based polyurethane (PU) ma
trix significantly improved thermal stability, electrical conductivity, and 
morphological characteristics, confirming the multifunctional potential 
of these composites. FTIR, supported by principal component analysis 
(PCA), verified successful CNT integration without altering the core PU 
structure, while PCA provided a powerful means of distinguishing PU, 
PU/CNT, and MDI through characteristic absorbance patterns. Appli
cation of PCA to TGA data further enabled clear differentiation of 
thermal degradation profiles, demonstrating its effectiveness as an 
advanced analytical tool beyond conventional methods. FESEM 
confirmed uniform CNT dispersion, contributing to enhanced interfacial 
interactions, while DSC/TGA showed delayed decomposition and higher 
char yield, indicating improved thermal resistance. Additionally, EIS 
results revealed the formation of continuous conductive networks at 

Fig. 7. Electrochemical Impedance Spectroscopy (EIS) spectra of PU and PU/CNT coatings.
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higher CNT loadings, underscoring the composites’ suitability for ap
plications requiring electrical functionality. Overall, this study not only 
demonstrates the enhanced performance of PU/CNT composites but also 
highlights PCA as a novel approach for multivariate analysis of polymer 
nanocomposites, providing deeper insight into structure–property 
relationships.
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