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Structural, morphological, and optical properties of
SiC/PVP nanocomposite materials by changing the
SiC concentration in PVP

Lala Gahramanli, 2 *2 Maarif Jafarov,® Mustafa Muradov,® Telkhanim Mahmudova,?
Shafiga Alakbarova,? Zeynab Addayeva,? Orkhan Gulahmadov, 2 € Vusal Mammadov,”
Rana Khankishiyeva, (29 Cristian Vacacela Gomez, 2 Christos Trapalis,”

Vitalii Yevdokymenko,' Kamenskyh Dmytro 2! and Talia Tene’

Silicon carbide (SiC) nanotubes with a one-dimensional structure were successfully synthesized via the
carbothermal method at 1800 °C. SEM results revealed a hollow interior and rough surface morphology.
These SiC nanotubes were incorporated into a polyvinylpyrrolidone (PVP) matrix to produce SiC/PVP
composite materials with different filler concentrations (1-5 wt%). XRD analysis confirmed the presence
of the cubic 3C-SiC phase. SiC nanotubes were incorporated into a PVP polymer matrix at
concentrations of 1, 2, 3, and 5 wt% SiC. Scanning electron microscopy (SEM) images revealed the
morphology of the nanotubes of pure SiC. Energy-dispersive X-ray spectroscopy (EDS) and elemental
mapping showed a non-uniform SiC distribution across the polymer, with the most uniform dispersion
occurring at 3 wt%. X-ray diffraction (XRD) results indicated a decrease in crystallite size as SiC content
increased, with the smallest crystallite size (11.86 nm) occurring at 3 wt% SiC/PVP. The microstrain and
dislocation density also exhibited a similar trend, increasing from 1 wt% (0.00587) to 3 wt% (0.00698)
and then decreasing at 5 wt% SiC/PVP (0.00271). Ultraviolet-Visible (UV-Vis) spectroscopy revealed
a band gap reduction from 5.62 eV at 1 wt% to 551 eV at 3 wt% SiC/PVP, with a slight increase to
5.70 eV at 5 wt% SiC/PVP, indicating the most favorable optical properties at 3 wt% SiC/PVP composite
materials. Fourier-transform infrared (FTIR) spectroscopy confirmed the physical interaction between SiC
and PVP, characteristic Si—C stretching bands at 700-1000 cm™, as well as the interaction of PVP
carbonyl (C=0) and C-N groups with Si—-O/-OH groups on the SiC surface without any covalent
bonding formation. The 3 wt% SiC/PVP composite demonstrated optimal dispersion, crystallite
refinement, and optical properties, indicating its potential as the optimal loading concentration for
electronics and semiconductors, optical devices, and energy storage and conversion, making it an ideal
material for advanced technological uses.
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In recent times, the preparation of polymer nanocomposites
has enabled the creation of composites with different proper-
ties, depending on the shape and properties of the nano-
structure used and the type of polymer, thereby expanding the
application areas of nanocomposite materials. Among them,
silicon carbide, which combines 50-50% to form nano-
structures of various shapes due to covalent bonds, is a ceramic
material that has attracted attention in the last 10 years with its
optical, electrical, and thermal properties.’ At the same time,
their wide E, value range, mechanical strength, and chemical
stability greatly increase the interest in the creation of nano-
composite materials based on them, which expands the possi-
bility of using them in various fields of industry.>® There are
various polytypes of SiC, such as 3C-SiC (B-SiC), 4H-SiC, and
6H-SiC, which are distinguished from each other by their
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different structures, E, values, and other properties.* Thus, 3C-
SiC has E, values of 2.36 eV, 4H-SiC ~3.23 eV, and 6H-SiC
~3.0 eV.®* This wide band gap minimizes electron-hole pair
generation, reduces light absorption, and renders SiC suitable
for optical devices such as LEDs, lasers, and photodetectors.® Its
high thermal conductivity and chemical inertness also make
SiC ideal for high-temperature, high-frequency, and harsh-
environment applications.” Additionally, SiC supports point
defects, such as Si vacancies and divacancies, that are optically
addressable at room temperature and function as single-photon
sources for quantum photonics.?

Polyvinylpyrrolidone (PVP), polystyrene (PS), poly(methyl
methacrylate) (PMMA), polyethylene (PE), and polyvinyl alcohol
(PVA) polymers are widely used in the preparation of nano-
composite materials.”™** In particular, PVP is a promising matrix
due to its stability, ease of processing, and good optical prop-
erties.” PVP is widely used as a steric stabilizer, capping agent,
and adhesion promoter in hybrid inorganic-polymer systems
because its pyrrolidone carbonyl can coordinate metal and
semiconductor surfaces.™ At the same time, its vinyl backbone
provides solution processability.**

There are numerous research studies in the literature on the
preparation of SiC in the form of composite materials with
various types of polymers and the study of their properties.*®
Across silicon- and carbide-based nanostructures, it has been
used to (i) control nucleation and growth, (ii) disperse ceramic
nanoparticles in both aqueous and non-aqueous media, and
(iii) tune optical/electrical responses of thin films and bulk
nanocomposites.

Kadhim et al. (2020) prepared PVP films with 2-6 wt% SiC
and observed that with higher SiC loading, the films' overall
absorbance in the UV region rose, while transmittance fell.
Crucially, the estimated energy band gap (indirect) decreased
from about 3.7 eV (pure PVP) to 2.8 eV at 6% SiC.** This
substantial band gap narrowing (=0.9 eV) was attributed to
improved charge transport and the creation of new energy levels
within the band structure due to SiC."* Essentially, adding SiC
introduced mid-gap states or extended the band tails, enabling
optical transitions at lower photon energies.

In one research study on a PMMA/PC polymer blend, adding
up to 0.8 wt% SiC decreased the intensity of the polymer's main
amorphous peak. It broadened it, indicating increased amor-
phous character and disrupted polymer packing."” This
suggests that SiC nanoparticles intercalate between polymer
chains and reduce semi-crystalline domains. FTIR results of
PMMA/PC-SiC composite, the major polymer bands (C=O
stretch, C-H bends, etc.) remained at the same wavenumbers
after SiC addition, but some peak intensities decreased.*® This
intensity reduction, without new peaks, indicates a predomi-
nantly physical interaction: SiC is well-dispersed among the
polymer chains, causing some hydrogen-bonding or dipole
interactions that can dampen certain vibrational modes, but no
chemical reaction (no new functional groups) occurs.”® The
authors attributed this to weak physical forces between SiC and
the polymer matrix rather than the formation of strong chem-
ical bonds.” In another study, a PVA/PVP polymer blend was
investigated at 0.5 wt%, 1 wt%, and 1.5 wt% filler
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concentrations (SiC), and the absorbance of PVA/PVP is
increased, while the transmittance is decreased with an
increase in the SiC nanoparticles’ concentration.'® The energy
gap of PVA/PVP is decreased when the SiC nanoparticles’
concentration increases. The authors noted that higher SiC
concentration yielded higher absorption in the UV range and
a clear band gap reduction, underscoring the material's
potential in optical applications. Finally, the results on optical
characteristics indicate that the PVA/PVP/SiC nanostructures
can be considered as promising materials for optical fields.
Similarly, other nanoparticle systems (PVP with ZnO, BaTiOs3,
etc.) have also shown band gap decreases with fillers, high-
lighting that nanoparticles act as dopants, creating sub-
bandgap states or widening the absorption spectrum of poly-
mer films.'®" Rashid et al. (2023) examined a PAA with SiC for
solar thermal applications. Even in this case, they found that
increasing SiC from 12.5 to 50 g L™ significantly depressed the
optical band gap (for allowed transitions, from ~3.25 eV down
to ~2.95 eV).” The indirect band gap similarly dropped from
3.15 to 2.90 eV with added SiC.™ Alongside, the absorption at
400 nm rose by over 50% at the highest SiC content." This
shows that even in different polymer hosts, SiC nanoparticles
consistently enable easier optical excitation (lower Ey), likely by
providing extra electronic states and stronger light absorption.

Sarada and Muraleedharan (2016) reported on SiC-infused
polystyrene and found the band gap energy of PS dropped
with increasing SiC content, accompanying enhanced UV
absorption of the nanocomposite films.?** Though PS is
a hydrophobic, non-polar polymer (unlike PVP, which is polar),
the result was analogous: the  — 7* transitions in PS became
easier (lower energy) when SiC was present, again pointing to
the generality of band gap tuning by SiC across polymer types.*

For SiC-polymer systems, rheological studies establish how
PVP improves dispersion. Xiao et al. fixed the total dispersant at
0.3 wt% (PAA + PVP) and showed that co-addition at pH = 6
yields Newtonian, low-viscosity aqueous SiC suspensions via
electrosteric stabilization; the benefit diminishes in alkaline
conditions where PAA is fully dissociated.”* In non-aqueous
media (EtOH/MEK), Zhang et al. identified PVP/SiC = 17 mg
g ' as the optimal mass ratio for a stable, highly loaded
suspension, with best wettability when EtOH comprised 40-
50 wt% of the solvent blend.?

Beyond oxides, PVP also reshapes interfacial redox dynamics
on Si.>* In a metal-assisted chemical etch (MaCE) study, Chen &
Hsiao et al. varied a PVP parameter, PVP over 5, 1, 0.1, 0.01, and
0 during Ag'/HF etching; PVP drove Ag dendrites to favor (111)
facets over (200), switching Si dissolution from wire-forming to
nearly isotropic surface polishing. While not a polymer
composite, this work underscores PVP's strong, selective
adsorption on metal surfaces - relevant for charge-transfer and
adhesion at SiC-polymer interfaces.

Thin-film optics research highlights PVP's adhesive role.
Thompson & Zou used a 1 wt% PVP adhesion layer beneath
5 wt% SiO, nanoparticle antireflective coatings, lifting average
glass transmittance from ~95% to >98% and boosting Si cell
short-circuit current.> The result supports a generalizable view:
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PVP often acts as a molecular bridge that improves inorganic
particle integration and optical uniformity.

Most existing works on PVP-based nanocomposites use
polymer blends where the individual role of PVP is convoluted,
and systematic characterization, like structural, optical, and
morphological properties, is missing in the literature. As evi-
denced by previous SiC/polymer studies, Kadhim et al. reported
band-gap narrowing in PVP/SiC films but mainly analysed
optical constants from UV-Vis spectra without a detailed
structural or vibrational investigation of the PVP-SiC inter-
face.” In PMMA/PC-SiC and PVA/PVP-SiC blends, Alhusaiki-
Alghamdi and et al. showed that SiC addition modifies amor-
phous structure and decreases the optical band gap, yet the
individual contribution of each polymer and the specific inter-
facial chemistry around SiC remain convoluted by the presence
of two host polymers."”** Rashid et al. demonstrated similar
band-gap reduction and enhanced absorption in PAA/SiC
systems designed for solar thermal applications, while Sarada
et al. revealed SiC-induced band-gap changes and altered
thermal degradation in PS-based nanocomposites.'”** More
recently, Gahramanli et al. carried out a comprehensive multi-
technique study on PVA/SiC nanocomposites over a broad 1-
10 wt% range and correlated SiC loading with structural,
optical, and dielectric properties; however, the focus was on an
OH-rich PVA matrix and on identifying an optimum composi-
tion for dielectric performance rather than on the low-loading,
interface-dominated regime in a pure PVP host.* Consequently,
none of these works provides a systematic, quantitative corre-
lation between interfacial spectroscopic signatures (FTIR/
Raman), dispersion and microstructure (XRD/SEM), and
band-gap modulation in transparent PVP/SiC nanocomposite
films at low SiC contents. To understand the interaction
between nanostructure and polymer, the dependence of filler
concentration needs to be investigated for tailoring such
materials for advanced functional applications.

Additionally, we note that most previous PVP/SiC studies
have employed approximately spherical or irregular SiC nano-
particles as the filler phase,'**® whereas in the present work, we
use SiC structures with a nanotube-like morphology. This
anisotropic, one-dimensional geometry increases the interfacial
contact area and can modify percolation, scattering, and band-
gap behaviour compared with equiaxed nanoparticles, particu-
larly at low loadings. Furthermore, our study combines XRD
(including crystallite size evaluation at 1-5 wt% SiC), FTIR
analysis of the PVP carbonyl and ring vibrations, and SEM-EDS
elemental mapping to assess both the structural evolution and
the spatial distribution of SiC within the PVP matrix. In contrast
to Kadhim et al., who examined three SiC concentrations and
focused mainly on optical and electrical parameters,”® we
investigate finely stepped loadings from 1 to 5 wt% and
specifically follow how small changes in SiC content affect the
optical band gap (E,) and interfacial vibrational signatures. This
low-loading, high-resolution concentration mapping is impor-
tant for identifying possible transition or “optimal” composi-
tions and for formulating interfacial structure-property
relationships in SiC/PVP nanocomposites.
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In the presented study, the properties of SiC/PVP composites
are investigated depending on filler concentration in the PVP
polymer matrix, and the influence of filler concentration on
structural, optical, and morphological properties is systemati-
cally investigated. This study systematically investigates PVP/
SiC nanocomposites at low SiC loadings (1-5 wt%). In this
study, we focus on SiC/PVP nanocomposites at low SiC loadings
(1-5 wt%) in an interface-dominated and still optically trans-
parent regime. Building on the optical study of SiC/PVP films by
Kadhim et al.,* we aim to go beyond band-gap estimation and
to correlate interfacial chemistry and dispersion state with
optical response by combining XRD, FTIR, Raman, UV-vis, and
SEM/EDS. To the best of our knowledge, such a multi-
technique, quantitative correlation for nanotube-like SiC
fillers in a pure PVP host at low SiC contents has not yet been
reported.

2 Experimental part

2.1. Materials and methods

PVP was used as the polymer matrix. High-purity SiO, and
activated carbon (Farmak, Ukraine) were mixed to form
a uniform blend and placed in a graphite crucible. The mixture
was air-dried and subjected to carbothermal reduction in a VCI-
3.5 furnace under vacuum and argon atmosphere to synthesize
SiC. The reaction setup is shown in Fig. 1, based on the high-
temperature reaction of SiO, with carbon to produce SiC and
co.”»

The formation of SiC occurs through the reduction of SiO, by
carbon at elevated temperatures in the precursor ratio (SiO, : C)
1:1, following the reactions summarized below:

Si0, + C — Si0 + CO (1)

SiO + C — SiC + CO

Before heating, the furnace chamber was evacuated to
approximately 950 mbar, then purged and filled with argon gas
at a constant flow rate maintained between 6 and 12 L h™*

T

Fig.1 Reaction furnace for obtaining SiC nanostructures: 1-gas in; 2-
heating furnace; 3-heating unit; 4-graphite crucible; 5-pump switch.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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throughout the process. The carbothermal reduction was con-
ducted at a temperature of 1800 °C for 1 h using a single-step
heating program with a ramp rate of 10 °C min~". Upon
completion of the reaction, the system was cooled to room
temperature under an inert atmosphere at a controlled rate of
20 °C min~'. To eliminate traces of unreacted carbon, the as-
synthesized SiC powders were subjected to a post-treatment in
a muffle furnace at 800 °C for 30-minute intervals in the pres-
ence of air. The final SiC products exhibited a color transition
from grey to light green, which was found to vary with the
synthesis temperature.

To prepare composite materials, in the first stage of the
experiment for the preparation of SiC/PVP nanocomposites,
0.5 g of PVP powder was taken, and 20 mL of a mixture of
ethanol and DW was used. The mixture was placed in a glass
flask and carried out reflux system. The solution was continu-
ously stirred with a magnetic stirrer at 70-80 °C for about 2
hours. This step ensured the complete dissolution of PVP into
the solvent and the formation of a homogeneous solution.
Separately, a certain amount of appropriate filler concentration
(1 wt%, 2 wt%, 3 wt%, 5 wt%) of previously prepared SiC
nanostructures was dispersed in 10 mL of ethanol and DW
mixture. This suspension was first manually stirred for 5
minutes, followed by ultrasonication for 15 minutes to achieve
better dispersion. At the final stage, the nanocomposite solu-
tion was cast into Petri dishes and left to dry at room temper-
ature, forming thin SiC/PVP nanocomposite materials. After
drying, the films were subjected to hot pressing using molds of
3 cm diameter, under a pressure of 10 MPa at 150 °C for 30
seconds (close to the softening temperature of PVP), and then
cooled rapidly. Cooling rate was =20 (°C min™'), and AT was
from 150° to 25 °C. The concentration of the SiC/PVP compos-
ites was calculated according to eqn (2):

Concentration (%) = SiC/PVP x 100% (2)

The general procedure for obtaining SiC/PVP nano-
composites is shown schematically in Fig. 2.

2.2. Characterization technique

The XRD analysis was performed using a Bruker D8 Phaser in
the range of 5-80° 20 with a step size of 0.02° 2¢. The
morphology, EDS analysis, and element mapping of the

PVP
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nanocomposites were examined by SEM using an FEI Quanta
Inspect microscope (FEI, Hillsboro, OR, U.S.A.) equipped with
a tungsten filament. Chemical bonds were identified using FTIR
spectra collected in the 400-4000 cm™' wavenumber range
using an IR Affinity FTIR spectrometer (Shimadzu, Japan). To
determine the transmittance spectrum and band gap values,
UV-Vis spectrophotometer (Model Specord 250 PLUS, Analytik
Jena AG, Germany) was used.

3 Results and discussions

3.1. Morphological analysis

SEM was used to investigate the morphology of synthesized SiC
nanostructures and the dispersion of SiC nanotubes within the
PVP matrix. The SEM images of the pure SiC nanostructures are
shown in Fig. 3.

SEM images showed that 1D nanotubes can be obtained by
the carbothermal method at 1800 °C. When looking at the
morphology of nanotubes, it is clearly seen that they have
different sizes of hollow inside and rough surfaces. Fig. 4 shows
SEM images, EDS, and element mapping of composite mate-
rials of SiC nanotubes with different percentages in PVP
polymer.

SEM images of the composite materials show that in the
1 wt% SiC/PVP (Fig. 4a) sample, SiC nanotubes are mainly
located within the pores of the PVP matrix, and the surface is
smoother than in other samples. In the 2 wt% SiC/PVP (Fig. 4c)
composite, it is possible to see that nanostructures fill the pores
and form islands on the surface of the polymer. In the 3 wt%
SiC/PVP (Fig. 4e) sample, it is evident that SiC nanostructures
aggregate on the polymer surface, forming larger islands. In the
5 wt% SiC/PVP (Fig. 4g) sample, large aggregates are formed on
the polymer surface, and the roughness of the surface is clearly
visible.

For all composite materials, the elemental distribution
across the surface was analyzed using EDS and elemental
mapping. In Fig. 4b, for the 1 wt% SiC/PVP composite, the
atomic fraction of C is 26% (wt% = 31.90%), Si is 1.43% (Wt% =
0.24%), and O is 72.57% (wt% = 66.84%). The high fraction of C
in all samples is associated with the polymeric substrate used.
At the same time, the low amount of Si indicates a small content
of SiC within the polymer matrix. Moreover, elemental mapping
confirms a non-uniform distribution. For the 2 wt% SiC/PVP

SiC/PVP

Fig. 2 Schematic illustration of the synthesis of SiC/PVP nanocomposite materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of pure SiC nanostructures.

composite, the atomic fractions are 21.85% C (wt% = 28.19%),
9.33% Si (Wt% = 5.15%), and 68.83% O (Wt% = 66.67%).
Compared to the 1 wt% SiC/PVP sample, the Si content is
higher, which is evident both from the atomic fraction and from
the bright regions corresponding to Si in the elemental map.
Elemental mapping shows that SiC is relatively more densely
distributed within the polymer and on the surface. For the
3 wt% SiC/PVP composite, the atomic fractions are 16% C (wWt%
= 1.97%), 19.35% Si (Wt% = 11.36%), and 64.66% O (Wt% =
66.67%). Here, the Si content is higher than in all other
composites, and the mapping clearly shows that SiC is more
densely and uniformly distributed within the polymer matrix.
For 5 wt% SiC/PVP, the atomic fractions are 25.74% C (wt% =
31.54%), 1.54% Si (Wt% = 1.54%), and 72.72% O (wt% =
66.91%). Elemental mapping reveals that Si appears as bright,
clustered regions rather than being dispersed within the poly-
mer. This indicates a non-homogeneous microstructure in
which SiC particles tend to aggregate into dense clusters instead
of being uniformly distributed.

3.2. Structural analysis

XRD was used to identify the crystalline phases, evaluate
structural regularity, and estimate the crystallite size of pure SiC
and the PS polymer matrix, as well as different concentrated
composite materials, as shown in Fig. 5.

From the XRD pattern, the peak observed at 2-theta = 35.35°
corresponds to the (111) Miller indices.*® The other peak at 2-
theta = 41.10° corresponds to the (200) index.”” The peak
observed at 2-theta = 59.72° corresponds to the (220) index.?®
For 2-theta = 71.49° corresponds to the (311) Miller index.? The
observed peaks are attributed to the cubic phase of SiC and are
known as 3C-SiC phases. The size of the crystallite for pure SiC
is determined to be 9.11 nm.

Two broad amorphous halo peaks were observed near 2-
theta = 11.40° and 20.84° in the XRD pattern of the pure PVP
polymer, which is consistent with recent reports by Zidan et al.,
describing similar halo features in the diffraction pattern of
amorphous PVP.*

In the XRD patterns of the composite materials, peaks
belonging to both PVP and SiC are observed. Thus, in the 1 wt%

49994 | RSC Adv, 2025, 15, 49990-50000
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SiC/PVP composite, the characteristic peak belonging to SiC is
explained by the small percentage of SiC within PVP and its even
distribution within the PVP chains. In the 2 wt% SiC/PVP
composite material, the characteristic diffraction patterns
belonging to SiC are clearly observed. With an increase in the
concentration to 3 wt%, the intensity of the diffraction peaks
increased. This is due to the fairly homogeneous dispersion of
SiC nanostructures in the PVP matrix. In the 5 wt% SiC/PVP
composite, although the diffraction peaks belonging to SiC
are observed, their intensity has significantly decreased, and at
the same time, halo peaks belonging to PVP are also observed.
This phenomenon is explained by several factors. First, the
increase in the concentration of SiC structures within the PVP
matrix leads to an increase in their mutual attraction forces
within the matrix and, as a result, the agglomeration process.
The aggregation of particles results in a decrease in the effective
surface area for diffraction, reducing the overall intensity of the
SiC peaks.* Second, the abundance of SiC nanostructures
restricts the movement of PVP chains, as a result of which the
local disorder of the polymer increases and the share of the
amorphous component increases.*” This is manifested in the re-
intensification of the amorphous halo peak in the diffraction
pattern. Thus, the addition of SiC in the range of 1-3 wt% leads
to the formation of crystalline areas in the PVP matrix and an
increase in the intensity of the diffraction peaks. However, at
5 wt% SiC/PVP, due to the rise in SiC and the tendency of the
particles to agglomerate, as well as the strengthening of the
amorphous nature of the polymer matrix, the intensity of the
SiC peaks decreases, and the halo peaks again become
dominant.

Table 1 shows the crystallite sizes, microstrain values, and
dislocation densities of the composite materials calculated
using Debye-Scherrer.

As can be seen from Table 1, for the 1 wt% SiC/PVP sample,
the crystallite size is 20.20 nm, and the microstrain is 0.00587,
whereas for the 3 wt% SiC/PVP sample, the crystallite size
decreases to 11.86 nm and the microstrain increases to 0.00698.
This behavior can be attributed to the improved dispersion of
SiC nanostructures and the resulting increase in internal lattice
stress. The SiC phase restricts the crystallization of the PVP
matrix, causing local deformation. While the dislocation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images, EDS analysis, and element mapping of SiC/PVP composite materials SEM images: (a) 1 wt% SiC/PVP; (c) 2 wt% SiC/PVP; (g)
3 wt% SiC/PVP; (e) 5 wt% SiC/PVP EDS and element mapping: (b) 1 wt% SiC/PVP; (d) 2 wt% SiC/PVP; (f) 3 wt% SiC/PVP; (h) 5 wt% SiC/PVP.

density () is 3.27 x 10" m~? for 1 wt% SiC/PVP, it reaches 6.62 boundaries. Because smaller crystallites generate a larger total
x 10" m~? for the 3 wt% sample, which is associated with the grain-boundary area, the dislocation density increases as the
higher concentration of defects and the proliferation of grain crystallite size decreases.
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Fig. 5 XRD pattern of pure SiC, PVP, and SiC/PVP-based composite
materials.

Table 1 Crystallite sizes, microstrain values, and dislocation densities
of SiC/PVP composite materials

Crystallite
Samples size, nm Microstrain Dislocation density
1 wt% SiC/PVP 20.20 0.00587 3.27 x 10*°
2 wt% SiC/PVP 13.43 0.00749 6.27 x 10"
3 wt% SiC/PVP 11.86 0.00698 6.62 x 10"’
5 wt% SiC/PVP 16.17 0.00271 1.88 x 10"

A direct positive correlation is observed between microstrain
and dislocation density: as the microstrain increases, the
dislocation density also increases. This trend is related to the
increase in internal lattice stress and the consequent multipli-
cation of defects and dislocations. The relatively high micro-
strain and dislocation density values in the 2 wt% and 3 wt%
SiC/PVP samples support this relationship. With increasing SiC
content, the crystallite size initially decreases, whereas both
microstrain and dislocation density increase. However, at
higher filler loading (5 wt%), partial growth of crystallites occurs
due to aggregation of the SiC nanostructures, leading to
a reduction in both microstrain and dislocation density. These
results suggest that SiC nanostructures establish an equilib-
rium between optimal dispersion and crystal-lattice stress in
the PVP matrix. Therefore, the SiC content of 2-3 wt% SiC/PVP
can be considered an optimal range, with 3 wt% providing the
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most pronounced refinement of crystallites and the highest
defect density before aggregation effects appear at 5 wt% SiC/
PVP.

3.3. Ultraviolet-Visible spectroscopy

UV-Vis spectroscopy was applied to investigate the optical
absorption characteristics of the SiC/PVP nanocomposites, and
direct band gap values can be determined by the Tauc relation
(«hv)>~(hv) dependence.® In Fig. 6, the absorbance spectrum of
pure SiC (Fig. 6a) and composite materials (Fig. 6b) is shown.

According to the absorbance spectrum, Tauc plots were used
to determine band gap values for pure SiC and PVP, as well as
different concentrated SiC/PVP nanocomposite materials.'®
Tauc plots for pure SiC (Fig. 7a), pure PVP (Fig. 7b), and for 1-
5 wt% SiC/PVP nanocomposite materials (Fig. 7c-f) are illus-
trated in Fig. 7.
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Fig. 6 Absorbance spectrum of (a) pure SiC and (b) SiC/PVP
composite materials.
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As shown in Table 2, the E, values of pure SiC and PVP are
approximately equal, at 5.76 and 5.78 eV, respectively. In the
literature, the band gap of pure SiC has been reported as
3.2 eV,** while high-energy absorption edges near 5.9 eV have
also been observed,® attributed to quantum-confinement
effects in very small structures. These effects, combined with
reduced defect-related absorption in well-prepared samples,
can shift the apparent absorption edge to higher energies than
the bulk band gap. Consequently, optical measurements on SiC
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nanocrystals may show absorption onsets in the 5-6 eV range,
consistent with the values observed in the presented study. This
value aligns with the reported direct E, =6 eV for 3C-SiC.* The
use of nanostructured SiC (9-20 nm) and the direct-transition
Tauc model naturally emphasizes this high-energy transition
and may introduce a slight additional blue shift.*® In the liter-
ature, the band gap value of PVP is close to the obtained value of
5.78 eV,*” supporting our obtained results.
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Fig. 7 Band gap determination of (a) SiC; (b) PVP; (c) 1% SiC/PVP; (d) 2% SiC/PVP; (e) 3% SiC/PVP; (f) 5% SiC/PVP.
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Table 2 Band gap values by Tauc plots

Samples E,, eV
SiC 5.76
pvp 5.78
1 wt% SiC/PVP 5.62
2 wt% SiC/PVP 5.52
3 wt% SiC/PVP 5.51
5 wt% SiC/PVP 5.70

The E, value of 1 wt% SiC/PVP composite material is 5.62 eV,
2 wt% SiC/PVP is 5.52 eV, 3 wt% SiC/PVP is 5.51 eV, and 5 wt%
SiC/PVP is 5.70 eV. When SiC nanostructures are incorporated
into the PVP matrix, the E, decreases sequentially from 5.62-
5.51 eV in the loading range of 1-3 wt%, which is mainly
explained by the redshift of the absorption edge due to defects
and localized energy states formed at the SiC-PVP interface.
When the nanostructures are well dispersed, the interface area
per unit volume increases, and a smaller E, is obtained in the
Tauc extrapolation. However, when the loading reaches 5 wt%,
the increase in Eg to 5.70 eV is consistent with the reduction of
the effective interface area due to aggregation at high loading.
As a result, scattering effects prevail, and E, increases again.
Considering both the microstructural parameters and the
evolution of the optical band gap, the SiC content of 2-3 wt%
SiC/PVP can be regarded as an optimal loading range. In
particular, 3 wt% SiC/PVP exhibits the lowest E, (5.51 eV)
together with well-dispersed nanostructures, whereas further
increase to 5 wt% leads to aggregation, a reduction of the
effective interface area, and a subsequent widening of the band

gap.
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3.4. FTIR analysis

FTIR spectroscopy was conducted to analyze the molecular
structure of the pristine PVP matrix, detect vibrational modes of
SiC in PVP, and identify any changes in chemical bonding and
interfacial interactions induced by filler incorporation. The
FTIR spectrum of SiC (Fig. 8a) and different concentrated SiC/
PVP composite materials (Fig. 8b) is shown in Fig. 8.

As can be seen from the FTIR spectrum of pure SiC (Fig. 8a),
a strong absorption was observed in the 700-1000 cm ™" range.
This absorption is attributed to the »(Si-C) bond. In the scien-
tific literature, the intense absorption band in the IR region
from 700 cm™" to about 1000 cm ™" for SiC in the cubic phase
has been associated with the Si-C characteristic stretching
mode.*® In Fig. 8b, the deep absorption observed at 3400 cm ™"
for the pure PVP matrix is due to the ~OH groups and the weak -
OH hydrogen bond in PVP.>**° The 2950 cm ™' ~CH, asymmetric
and symmetric stretching is due to the PVP skeleton. This type
of “C-H stretch” band is typical in polymeric materials.*® The
C=0 stretch of PVP at 1650 cm ' is characteristic of the
carbonyl group of PVP. In the literature, C=0 is given as
~1670 cm ' in the PVP-PVA spectra.*® The band observed at
1490 cm™ " in the spectrum is due to -CH, bending and ring
vibrations (PVP).** The band at about ~1280 cm™ " is a charac-
teristic absorption of the C-N stretch of PVP.** The band in the
range of ~1060-1010 cm ™" may be related to Si-O-Si on the SiC
surface—it is possible that a band in this region will appear as
SiC increases.*

A slight shift and broadening of the lactam C=0 (=1650-
1660 cm ') band of PVP and small changes in the C-N region
during the formation of composites with different percentages
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Fig. 8 FTIR spectrum of pure SiC (a) and different concentrated SiC/PVP nanocomposite materials (b).
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indicate that the polymer carbonyl establishes hydrogen bonds
and dipole interactions with the -OH/Si-O groups on the SiC
surface. This is due to physical interactions rather than chem-
ical reactions.** The band in the range of ~830-780 cm ™ is due
to the Si-C stretching characteristic of B-SiC. A band at
~813.96 cm ' has been reported for synthesized SiC nano-
structures in the literature.**** Thus, this band is enhanced with
increasing SiC content in PVP.

The increasing intensity of the Si-C band around
~800 cm ™', together with the low-frequency bands at 500-
650 cm ', with increasing SiC content, indicates the higher
fraction of SiC structures in the composite. The bands at ~650-
600 cm ' and ~520-500 cm™ !, related to Si-C/Si-O low-
frequency modes, appear or become more pronounced at high
SiC loadings. As the SiC content increases from 1 to 5 wt%, the
intensity of the Si-C band at ~800 cm ™" systematically grows,
while its position remains nearly unchanged (800 + 3 cm™*).
The corresponding increase in the intensity ratio of the Si-C
band to the PVP, C=0 band confirms the progressive enrich-
ment of SiC in the matrix and its good dispersion, without the
formation of new covalent Si-C bonds between PVP and the
filler. In contrast, the PVP bands at 3400, 2950, 1650 and
1280 cm ' gradually decrease in relative intensity with
increasing SiC content, reflecting the reduced volume fraction
(dilution) of the polymer phase and the partial immobilization
of PVP chains in the interfacial region, which limits the effective
transition dipole moment of these vibrations; additional
attenuation may also arise from enhanced scattering at high
filler loadings.*>*® Importantly, the positions of the main PVP
bands remain almost unchanged, indicating that the intrinsic
vibrational frequencies of the polymer functional groups are
essentially preserved and that the dominant effect of SiC addi-
tion is dilution and chain immobilization due to physical
interactions, rather than weakening of the chemical bonds.
Taken together, the evolution of the Si-C region and low-
frequency modes, along with the concomitant attenuation of
PVP bands, clearly demonstrates a consistent trend with SiC
content and supports the conclusion that SiC nanostructures
are successfully dispersed in the PVP matrix through hydrogen
bonding and dipolar interactions rather than chemical
reactions.

4 Conclusion

In this study, SiC nanotubes synthesized by the carbothermal
method were successfully embedded into a PVP matrix to form
SiC/PVP nanocomposites with variable filler content. XRD, SEM,
EDS, and FTIR analyses confirmed the coexistence of cubic SiC
nanostructures and amorphous PVP phases in composite
materials. Elemental mapping confirmed that SiC was well-
dispersed at moderate concentrations, particularly at 3 wt%,
where the nanotubes were uniformly distributed, with minimal
aggregation. XRD analysis revealed that the crystallite size
decreased from 20.20 nm at 1 wt% to 11.86 nm at 3 wt%, with an
associated increase in microstrain from 0.00587 to 0.00698.
Dislocation density followed a similar trend, rising from 3.27 x
10" m™? at 1 wt% to 6.62 x 10 m™? at 3 wt%, before

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreasing at 5 wt% (1.88 x 10'> m™?). UV-Vis results showed
a redshift in the band gap, with a minimum value of 5.51 eV for
the 3 wt% SiC/PVP composite. FTIR spectroscopy indicated that
SiC/PVP interactions were primarily physical, involving
hydrogen bonding and dipole interactions rather than chemical
bonding. These quantitative findings highlight 3 wt% SiC/PVP
as the optimal concentration for achieving the best overall
structural stability, crystallite refinement, and optical proper-
ties, making it the ideal choice for SiC/PVP composite materials
in various applications.
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