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coating on structural, optical,
dielectric, and magnetic properties of an Fe2O3

nanostructure material for device engineering

Sayyed Wisal Ahmad,a Alamgir Khan,a Maryam Kamal,a Salhah Hamed Alrefaee,b

Farkhod Rakhmonov,c Naseem Akhter,d Asad Ali, *e Vineet Tirth,fg Ali Algahtanifh

and Abid Zaman *i

The impact of polyvinylpyrrolidone (PVP) coating compositions (2gm, 4gm, and 6gm) on the phase, magnetic,

and dielectric characteristics of an Fe2O3 nanostructuredmaterial synthesized by the co-precipitationmethod

are demonstrated in this experimental work. Structural analysis confirms the formation of hematite with

a rhombohedral crystal structure and a rod-like morphology. According to spectroscopic techniques, the

blue shift in absorption signifies the existence of vacancies and efficient PVP adherence to the

nanostructure surfaces. Photoluminescence (PL) spectroscopy was employed to analyze the synthesized

samples and identify the presence of different vacancies. Fourier transform infrared spectroscopy (FTIR)

investigation has confirmed the stretching vibration mode of Fe–O. However, the thermogravimetric

analysis (TGA) demonstrated the thermal stability of iron oxide. Dielectric measurements revealed strong

frequency-dependent behaviors, with tangent loss and relative permittivity decreasing with increasing

frequency. Additionally, different PVP coating compositions have a significant impact on magnetic

properties, with coercivity decreasing and remanence increasing with high PVP concentration. Because of

the diluting effect of the nonmagnetic polymer, the 2g PVP Fe2O3 sample with a thicker coating has

various saturation magnetizations. These results showed that PVP content is a crucial factor in adjusting the

magnetic and dielectric properties of a hematite nanostructure material.
1. Introduction

Nanostructure materials (NMs) are of great interest to many
researchers because of their physical properties in comparison to
bulk materials; in fact, they are simple to work with using various
tools. Many nanoparticles (NPs), such as SiC/Fe2O3, ZnCoFe2O4/
CoFe2O4, TiN/SiO2, LiF, MnO2/SiC Al2O3/Ag and ZrO2/Ag are
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employed as ller material compounds in a range of polymeric
matrices to modify the optical parameters for applications in
optics and nano electronics by improving their structural, optical,
magnetic and dielectric properties.1–5 For instance, iron (Fe) NPs
show great potential for usage in a variety of applications, such as
drug delivery, cell labeling, MRI contrast agents, and therapies for
hyperthermia. Fe2O3 NPs are the most widely used and favored
iron oxide because of their stability, non-toxicity, biocompatibility,
environmental friendliness, low manufacturing cost, and
remarkable corrosion resistance. Furthermore, Fe2O3 NPs have
high surface energies due to their large surface area-to-volume
ratio (SAVR). Physiochemical properties and utilization of NPs
are improved by reinforcing them into polymer matrices, which is
benecial for a variety of applications.6–9 Fe2O3 NPs are a good
example of inexpensive and non-toxic semiconductors, with
a 2.2 eV bandgap energy, that can absorb a signicant portion of
the solar radiation, making them suitable for multiple applica-
tions like sensors, catalysis, the identication of cancer cells, and
target drug delivery. In the colloidal phase, they are also important
to modern technology like liquid sealing, charge transport, and
magnetic storage systems devices.10–13 To create amore stable state
of NPs, the dipole–dipole interaction is adopted by triggering high
surface energy. To overcome such challenges, surfactants,
magnetic NPs, or polymers are used. Structural, microstructural,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of pure and 2g, 4g, and 6g PVP, coated Fe2O3 nanostructures by co-precipitation method.
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magnetic, optical, and dielectric properties of ferrites are strongly
affected by wide bandgape, and synthesis process.14–16 When
ferrites are made through a ceramic approach, relatively irregular
and large-sized particles are produced, which ultimately result in
cavities and low densities. In order to overcome these challenges,
wet chemical routes such as citrate gel, hydrothermal processing,
co-precipitation, and combustionmethods have been used to grow
homogenous and ultra-ne-grained ferrites.17–20 Poly-
vinylpyrrolidone (PVP) is a good method to signicantly improve
the functional properties of Fe2O3 NPs, particularly their magnetic
and dielectric properties. PVP acts as a stabilizing agent, and
exible capping directly affects the material basic properties. It
controls the growth and aggregation of particles, producing ner
and more uniform nanoparticle sizes effectively.21–24 The SEM
results in a more homogeneous surface interface and fewer
structural defects. Regarding dielectric and magnetic properties,
the PVP shell's insulating qualities increased the dielectric
constant and decreased tangent losses by preventing charge
leakage and the interfacial polarization process at grain bound-
aries.25,26 The reduction of surface spin disorder and suppression
of particle agglomerations as common issues in nanoscale
magnetic and dielectric material simultaneously improve satura-
tion magnetization and coercivity in the magnetic domains. PVP
alters the synthesis procedure to produce Fe2O3 nanoparticles with
enhanced and customized electromagnetic performance for
cutting-edge technological applications.27–30 The current work
investigates the variations in the structural, dielectric and
magnetic properties of hematite PVP nanoparticles produced
using the co-precipitation method.
2. Materials and method

The raw materials used in this experimental research work were
purchased from Sigma-Aldrich Chemical Company. Hematite
© 2026 The Author(s). Published by the Royal Society of Chemistry
nanostructure samples are synthesized by rst dissolving
varying amounts of PVP (2, 4, and 6g) in 100 ml of water at 90 °C
for 1 hour. Separately, 3.99 g of NaOHwas dissolved in 100ml of
deionized water and an iron precursor solution was prepared by
dissolving 1 g of FeCl2$4H2O and 2 g of FeCl3$6H2O in 25 ml of
deionized water. The PVP solution was added dropwise to the
NaOH solution, followed by the dropwise addition of the iron
solution, with each step involving 10 min of agitation. The
resulting precipitate was washed through centrifugation with
deionized water and ethanol, dried at 70 °C for 24 hours and
nally annealed at 400 °C for 4 hours, as shown in Fig. 1. For
structural analysis X-rays diffraction (XRD, Bruker D8 Advance,
Germany) with Cu-Ka radiation (l = 1.5406 Å). The surface
morphology and microstructural features were examined by
using scanning electron microscopy (SEM, JEOL JSM-6490LV,
Japan). Functional group identication was carried out by
using Fourier transform infrared spectroscopy (FTIR, Perki-
nElmer Spectrum Two, USA) in the wavenumber range of 400–
4000 cm−1. The optical absorption measurements were per-
formed by using a UV-Vis spectrophotometer (Shimadzu UV-
2600, Japan) to nd the optical bandgap energy. Dielectric
properties were measured by using an impedance analyzer
(Agilent E4991A, USA) over the selected frequency range.
Magnetic measurements were carried out by using a vibrating
sample magnetometer (VSM, Lakeshore 7407, USA) under an
applied magnetic eld at room temperature.
3. Results and discussion
3.1. X-ray analysis

X-ray diffraction (XRD) technique was used to investigate the
phase purity and crystallinity of the synthesized samples. It is
conrmed from XRD data that the samples is pure and coated
crystalline in a rhombohedral structure by scanning at the
RSC Adv., 2026, 16, 7564–7573 | 7565
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Table 1 Physical properties of pure-Fe2O3 and PVP-coated (2g, 4g,
6g) Fe2O3

Composition D (nm) d (×10−5 nm−2) h (×10−3)

Pure Fe2O3 347.69 � 3.4 0.8272 � 0.01 0.9969 � 0.01
2g PVP coated Fe2O3 276.32 � 2.7 1.3097 � 0.02 1.2545 � 0.02
4g PVP coated Fe2O3 135.18 � 1.4 5.4726 � 0.05 2.5643 � 0.02
6g PVP coated Fe2O3 113.99 � 1.1 7.6955 � 0.07 3.0408 � 0.03
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range of 20° to 70°. The XRD pattern is in good agreement with
standard JCPDS card no. (00-011-1053), as shown in the Fig. 2.
Table 1 shows average crystallite size (D), dislocation density (d),
and lattice strain (h) of Pure and PVP-coated (2g, 4g, 6g) Fe2O3

nanostructure, which could be calculated by using the given eqn
(1)–(3) respectively.31,32 We have calculated the error bars
(assuming ±1%) instrumental uncertainty, which is standard
for XRD-derived parameters i.e. crystallite size, dislocation
density, and lattice strain.

D ¼ 0:9l

b cos q
(1)

In this case, ‘b’ represents ‘Full Width at Half Maximum’

(FWHM), ‘q’ is the Bragg's peak angular location in radians, k =
0.9 and ‘l0 is the wavelength (1.54 Å) of Cu-Ka radiation.

d ¼ 1

D2
(2)

h ¼ b cos q

4
(3)

The absence of any extra peak corresponding to impurity
phase conrms the high purity Fe2O3 NPs and lack of secondary
phase formations.33,34 A slight phase shi in the diffraction
peaks is observed for the PVP-coated sample, which is attrib-
uted to the variation in lattice parameters resulting from the
successful incorporation of PVP into Fe2O3 NPs. The average
crystalline sizes were calculated using Shere eqn (1); for pure
Fe2O3 the crystallized size is 24.9 nm, while the sizes for coated
samples (2, 4, and 6g) were 20, 20.2, and 20.4 nm, respectively.
These results indicate that the crystallite size increases slightly
with higher PVP concentration yet remains smaller than that of
the pure Fe2O3.35,36
3.2. FE-SEM and EDS studies

Fig. 3(a–h) shows the FE-SEM images of the synthesized
samples, which were used to evaluate their surface morphology,
Fig. 2 XRD pattern of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3.

7566 | RSC Adv., 2026, 16, 7564–7573
homogeneity, and dispersion behavior within the polymer
matrix. According to Fig. 3(a and b), the product sample is pure
Fe2O3 exhibits noticeable agglomeration and relatively rough
surfaces while Fig. 3(c and d) is PVP-coated samples show well-
dened rhombohedral rod-like morphologies with signicantly
improved particle separation. As the PVP contents increased,
the nanostructures retained their core shape while displaying
smoother surfaces and a more even spatial distribution as
shown in Fig. 3(e–h).37 The elemental composition of the
prepared samples was analyzed by using energy-dispersive X-ray
spectroscopy (EDS). Fig. 4(a) shows the spectrum of pure Fe2O3

sample revealed that only Fe, and O peaks, conrmed the purity
of the hematite phase while Fig. 4(b–d) shows the spectra of PVP
coated samples exhibit additional C and N signals, originating
from the polymer chains of PVP. The consistent presence of Fe,
O, C, and N across the analyzed regions indicated a uniform
polymer coating and homogeneous distribution of Fe2O3 within
the PVP matrix. No impurity-related peaks were detected,
further indorsing the chemical stability of the prepared
samples.38 Overall, the combined SEM and EDS analysis
provides strong evidence that a PVP coating signicantly
improves the homogeneity and dispersion of Fe2O3

nanostructure.
3.3. UV spectrophotometry analysis

Optical absorption analysis revealed that all samples absorb
radiation strongly in the UV-Vis, range as shown in Fig. 5(a), and
reported the spectra is shiing slightly as PVP concentration
increased. The optical band gap determined from Tauc plot as
shown in Fig. 5(b), representing a clear blue shiwidening from
1.32 eV for pure while 1.68, 1.57, and 1.43 eV for the coated
samples (2gm, 4gm, and 6g PVP) respectively. This variation in
bandgap energy is attributed to the changes in particle growth
and agglomeration, polymer–particle interaction, leading to
improved size uniformity and surface passivation due to PVP
coating contents, consistent with previously reported polymer
ferrites and polymer related nanoparticle systems.39–42
3.4. Fourier transform infrared (FTIR) spectroscopy analysis

FTIR spectroscopy was used to identify functional groups in the
pure and PVP-coated samples in the range of 400–4500 cm−1

wavenumber as shown in Fig. 6. The Fe–O stretching vibrations
are observed at 410 cm−1 and 516 cm−1, while two minor peaks
at 1355 cm−1 and 3455 cm−1 correspond to N–O and OH
stretching modes respectively. In the PVP-coated samples,
characteristic PVP bands appear at 1642 cm−1 (C]O stretching)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM images of (a) & (b) pure-Fe2O3, (c) & (d) 2g PVP coated (e) & (f) 4g PVP coated, and (g) & (h) 6g PVP coated.
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and 1426 cm−1 (C–H bending).43 Particularly, variations in the
intensity of these absorption peaks indicated the extent of
surface interaction between PVP and ferrite particles. Increased
intensity of the C–H and C]O bands reects stronger polymer–
particle interactions, leading to enhanced surface passivation
and reduced surface defects. This improved surface environ-
ment correlates with the observed modications in optical
Fig. 4 EDS analysis of (a) pure-Fe2O3, (b) 2g PVP coated (c) 4g PVP coa

© 2026 The Author(s). Published by the Royal Society of Chemistry
properties, magnetic behavior (e.g., reduced coercivity), and
overall structural stability of the coated samples.44
3.5. Photoluminescence (PL) spectroscopy

PL spectroscopy is a valuable technique for analyzing the optical
properties of semiconductor defects, helping to distinguish
between intrinsic and extrinsic origins. The PL spectrum in
ted, and (d) 6g PVP coated.

RSC Adv., 2026, 16, 7564–7573 | 7567
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Fig. 5 UV-Vis, spectra of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3 (a) absorption spectra and (b) band gap energy.
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Fig. 7 of pure exhibits several peaks attributable to excitonic
transitions. The violet emission at 442 nm arises from electron
transition to the valence band. The series of red emissions (650,
678, 714, 734, and 765 nm) are primarily caused by electron
transitions from various donor levels associated with oxygen
vacancies to the valence band.45 The intensity of PL emission
spectra is correlated with defect concentration. The samples
coated with 2g PVP show a more intense spectrum, indicating
higher density vacancies than the samples coated with 4g and
6g of PVP, respectively, which exhibit small defects.46 The
ndings or outcomes of the current research work are related to
UV-visible absorption spectra as well as SEM investigations.
3.6. Thermo gravimetric analysis (TGA)

Fig. 8 shows the thermal stability of the materials varies
signicantly. Pure Fe2O3 NPs (black curve, U) show exceptional
stability, keeping a constant mass across the temperature range.
In contrast to pure PVP, the polymers are completely degraded
Fig. 6 FTIR spectra of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3.

7568 | RSC Adv., 2026, 16, 7564–7573
by 450 °C temperature, while the thickness of the coating on the
PVP-coated samples is directly regulating the level of protection.
Thinner coating (red curve, P2) results in greater mass loss,
while thicker coating (green P4 and blue P6) progressively
enhances the thermal shielding, with the thicker coating (blue
color) showing the minimum mass loss.47 This reveals that
a robust PVP layer slows degradation, protecting the Fe2O3 core,
a critical insight for high-temperature applications in sensing,
catalysis, and magnetism.

t = R[1 + (rcmv/rmcv)]1/3 − R (4)

In eqn (4), ‘mv’ and ‘rv’ represented the density and mass of the
prepared samples (rv = 4.87 g cm−3 and mv = 0.654314
respectively), whereas ‘R’ is the radius of the coated samples.
The masses and densities of the coated samples are denoted by
‘mc’ (0.741416, 0.730306, 0.54605) and ‘rc’ (=1.67 g cm−3). The
values of the synthesized samples i.e. P2, P4, and P6 is 61%,
61.4%, and 50% respectively.
Fig. 7 PL spectra of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TGA plots of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3.
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3.7. Dielectric properties

To obtain the dielectric properties, we had compressed the
synthesized powder into circular pellets and annealed them at
600 °C for one hour by using a high energy furnace. Electrodes
are fabricated by drying the pellets at 100 °C in an oven and
applying silver paste to both sides, producing a parallel plate
conductive surface. By using impedance analyzer spectroscopy,
we have measured the dielectric constant or relative permit-
tivity, as a function of frequency for both pure and coated PVP
Fig. 9 Variation of pure-Fe2O3 and PVP-coated (2g, 4g, 6g) Fe2O3 (a) die

© 2026 The Author(s). Published by the Royal Society of Chemistry
samples.48 Eqn (5) is used to nd the value of the complex
relative permittivity (3*),

3* = 30 − j300 (5)

30 represented the real part known as dielectric constant and 300

represents the imaginary part known as dielectric loss.
Fig. 9(a) shows the variation of dielectric constants (3r) with

frequency. The 2g coated PVP sample exhibits the highest value
of dielectric constant, while the 4g PVP, pure Fe2O3 NPs, and 6g
PVP-coated samples follow in descending order.49 The elevated
value of the dielectric constant at low frequency is primarily due
to the contribution of the rotational directional polarization
and space charge polarization. The rotational directional
polarization involves the alignment of dipoles with the applied
electric eld, while space charge polarization results from
charge carriers being trapped at defective sites.50 The superior
performance of the 2g and 4g samples shows a higher concen-
tration of such defects, which act as charge carrier traps. The
electric eld oscillates too quickly for this type of polarization
mechanism, causing 3r to diminish as frequency increases. The
tangent loss (300) is calculated by using eqn (6),,51

300 = 30 tan d (6)

Fig. 9(b) shows the tangent loss for both pure and coated
nanostructure samples. The plot reveals that tangent loss is
higher at the low frequency, moderate at the intermediate
lectric constant, (b) dielectric loss (c) conductivity and (d) Nyquist plot.

RSC Adv., 2026, 16, 7564–7573 | 7569
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Table 2 Remanence, coercivity, and magnetization of the prepared samples

S. no. Sample Coercivity (A m−1) Remanence (T) Saturation magnetization (A m−1)

1 U 75.88 � 0.76 0.01149 � 0.0001 0.503 � 0.005
2 P2 35.59 � 0.36 0.00890 � 0.0001 0.889 � 0.009
3 P4 42.83 � 0.43 0.01093 � 0.0001 0.497 � 0.005
4 P6 59.56 � 0.60 0.01859 � 0.0002 0.550 � 0.006
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frequency, and lowest at the higher frequency range. Among
these samples, the P2 (2g coated) sample possesses the most
signicant tangent loss. It can be attributed to the misalign-
ment of the dipoles with the applied electric eld, causing
energy dissipation in the form of heat rather than storage.
Reduced dielectric loss at high frequencies is probably caused
by restrictions on ion mobility, domain wall motion, and space
charge polarization. Due to its lowest relative permittivity and
tangent losses in the high-frequency region, it is suitable for
high-frequency device applications.52,53 Metallic ionic bonding
seems to have an effect on tangent losses at low and interme-
diate frequencies. The overall tangent losses tendency across
the samples i.e., highest for the P2 (2g) coated sample, followed
by the P4 (4g), U (pure), and P6 (6g) coated samples are corre-
lated with the density defect observed in the EDS and PL
investigations, where defect concentration increases with
tangent losses. Fig. 9(c) shows the AC conductivity of both pure
and coated samples. The AC conductivity is small at lower
frequency and increases at mid frequency while rising sharply
at the higher frequency region.54,55 This behavior is attributed to
suppress conduction and trapping of charge carriers at the
lowest frequency region. As frequency increases, the charge
carrier gains sufficient energy to be released from the traps,
leading to a rapid improvement in AC conductivity.56,57

The ac conductivity will be calculated for all samples by
using eqn (7).

sac = 3o 3
0 tan d2pf (7)
Fig. 10 Magnetic properties of pure-Fe2O3 and PVP-coated (2g, 4g,
6g) Fe2O3.
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Analysis revealed a strong dependence on the PVP coating
concentrations. The sample of 2g PVP coating possess the
maximum values, while the 6g PVP coating sample shown the
minimum values. Fig. 9(d) shows the Nyquist plot for visualizing
the electrochemical impedance spectroscopy (EIS) data. The
predominantly linear trend is observed for all samples are char-
acterized by the absence of semi-circular arcs, indicated a domi-
nated resistive system along with minimal capacitive
contributions.58,59 The sample P2 has the highest net resistance,
suggesting has to charge transfer, likely due to its microstructural
investigations.

3.8. Magnetic properties

Magnetic characteristic is the response of a material inside
a magnetic eld. The main property is coercivity, which is the
resistance of material to being demagnetized. A material with
high coercivity will retain its magnetization behaviors even
when exposed to an external magnetic eld.60,61 Table 2 shows
the signicant impact of PVP coating on the magnetic proper-
ties of the pure as well as PVP-coated samples. The sample U has
the 75.88 highest value of coercivity, which is due to the
demagnetization process.62 The coercivity, however, progres-
sively decreases as the thickness of the PVP coating increases,
following the sequence from P2 (35.59) to P4 (42.83) and then to
P6 (59.56). When the external magnetic eld is removed, the
coercivity and remanence are correlated.63,64

In this regarded sample P6 exhibits the highest remanence
(0.0186) values among PVP coating samples, suggesting a greater
retained magnetic effect aer exposure to a eld. It is observed
that sample U has high coercivity while having lower remanence
(0.0115) than sample P6. When striking a strong magnetic eld
on a magnetic material, a saturation magnetization is obtained.65

Here the sample P2 demonstrated the highest saturation
magnetization (0.890), as visually conrmed in Fig. 10. A clear
declination in saturation magnetization is reported for samples
P4 and P6, indicating that the magnetic responsiveness is
compromised with the thickness of coatings. From Table 2, these
quantities are fully consistent with the magnetic properties
observed in the hysteresis loop. The plot for sample P2 shows
a steeper slope in the region approaching positive saturations,
which is directly correlated with strong saturated magnetization.
The overall slopes and shapes of these curves systematically vary
with increasing PVP coating contents.

4. Conclusion

Pure Fe2O3 NPs and PVP-coated samples were prepared by using
the co-precipitation technique. The XRD pattern conrmed the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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formation of a single-phase rhombohedral wurtzite structure,
with peak broadening associated with the small crystallite size
of the nanostructure and the presence of the PVP coating. The
average calculated crystallite sizes reduce from 25.2 nm to
20 nm due to coating concentration. SEM analysis revealed rod-
like morphology, while FTIR and EDS spectra conrmed the
functional groups and elemental compositions of the samples
along with no extra peak. The PL and UV-Vis spectra show
a tunable bandgap energy that increases from 1.32 eV to 1.68 eV,
indicating a blue shi with the initial coating. EIS showed
a characteristic decline in dielectric constant with increasing
frequency, while AC conductivity was enhanced with higher PVP
contents. The iron oxide core is thermally stable aer PVP
treatment and decomposes at 450 °C. Magnetically, the coating
reduced the coercivity of the P2 (2g) sample, which showed the
highest saturation magnetization. These ndings conrm that
PVP coating concentration as a key parameter for optimizing
Fe2O3 nanostructures for sensor, data storage, and photo-
catalytic applications.
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