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Abstract
In this work, we report the synthesis of α-Fe2O3, ZnO, and α-Fe2O3/ZnO nanomaterials by a simple sol-gel method for pho-
tocatalytic dye degradation and flexible electronic applications. X-ray diffraction results reveal that the synthesized samples 
were rhombohedral and hexagonal wurtzite structures of α-Fe2O3, and ZnO nanoparticles, respectively. α-Fe2O3/ZnO com-
posites exhibit the mixed peaks of both α-Fe2O3 and ZnO crystal structures which substantiate the formation of α-Fe2O3/
ZnO composites. From the optical studies, the band gaps of α-Fe2O3, ZnO, and α-Fe2O3/ZnO composites of (1:1) and (1:2) 
ratios are calculated as 2.11, 3.14, 2.87, and 2.92 eV respectively. Compared to pure α-Fe2O3 and pure ZnO nanoparticles, 
α-Fe2O3/ZnO composites of (1:2) ratio exhibit superior photocatalytic behavior under the irradiation of the natural sunlight 
and also show good stability for up to five cycles. From the scavenger studies, it is concluded that hydroxyl radicals are the 
major contributors to the photocatalytic degradation of methylene blue dye molecules. The dielectric behavior of the pure and 
blended nanoparticles is also investigated in a wide range of frequencies using impedance spectroscopy. The nanoparticles 
embedded in polyvinyl alcohol (PVA) or α-Fe2O3/ZnO/PVA thin films demonstrate a higher dielectric constant (32.68) and 
lower loss factor (3.32) than pristine PVA. The AC conductivity (σAC) of α-Fe2O3/ZnO composites of (1:2) ratio is 10−12 S/
cm. These findings indicate the possibilities of using α-Fe2O3/ZnO/PVA composites for the fabrication of flexible electronic 
devices.
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Introduction

In recent times, the environment has been highly polluted 
due to anthropogenic activities which will bring several seri-
ous issues such as climate change, rising sea levels, extreme 
weather, floods, droughts, and storms [1, 2]. Further, the 
energy industry and transport sectors emit the majority of 
greenhouse gases into the atmosphere, and they also play a 
significant role in environmental pollution. Environmental 
pollution is a harmful course of action to the soil, landfills 
in valleys, unprotected aquatic life, and mainly wastewater 
which flows all around with industrial discharges of dyes, 
drugs, persistent harmful chemicals, heavy metals, organic 
pollutants, pesticides, herbicides, phenols, antibiotics, textile 
effluents, industrial sewage, medical waste, etc. [3]. From the 
earlier reports, it was found that nearly 100,000 dyes were 
in usage and 100,000 tons of wastewater in global volume 
were produced annually from the textile and other indus-
tries [4]. Of these, 50% of dyes are only from the textile 
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industry [5], and the remaining are from tanneries, printing, 
cosmetic, food, and pharmaceutical industries. These syn-
thetic organic dyes pose a threat to aquatic life disturbing 
the tropic chain of the ecosystem and causing fatal effects 
even to human beings [6]. All can be treated with environ-
mentally friendly methods like solvent extraction, coagula-
tion, filtration, membrane separation, advanced oxidation 
process, ion exchange, and dye degradation [7–9]. Among 
these methods, solar-driven photocatalytic dye degradation 
is one of the eco-friendly approaches that will degrade the 
organic pollutants by oxidation and reduction processes [3]. 
The survey conducted by the National Centre for Biological 
Information on the search query from 2007 to 2020 pre-
dicted that the pure form of iron oxides played a significant 
role in the degradation of azo dyes and heavy metals [10]. 
In recent times, there have been enormous research publi-
cations on iron oxides for wastewater treatments. This iron 
oxide exists in various forms such as α-Fe2O3 (hematite), 
β-Fe2O3 (Topotactic phase-instable), α-FeOOH (goethite), 
δ-FeOOH (feroxyhyte), γ-FeOOH (lepidocrocite), Fe(OH)3 
(iron III oxide hydroxide), γ-Fe2O3 (maghemite), and Fe3O4 
(magnetite) [10].

Among the various forms of iron oxides, α-Fe2O3 is 
one of the most stable photocatalysts with high corrosion 
resistance, high photocatalytic activity, extremely abundant 
nature, low cost, bio-degradability, and high stability in all 
kinds of environments, and it was also found that it will play 
a great role in the research industry [11]. Its band gap value 
lies in the visible region of the electromagnetic spectrum 
(2.2–2.4 eV), and hence it can absorb the entire visible light 
(45%). The photocatalytic property of α-Fe2O3 finds applica-
tion in various energy and environmental crises such as pol-
lution, energy production, energy storage, biological scrutiny 
on organisms, and pioneering inventions for modern heritage 
[10]. Therefore, α-Fe2O3 is identified as the most suitable 
material for solar-driven photocatalytic dye degradation and 
solar-driven photoelectrochemical water-splitting applica-
tions. Hence, the researchers have been motivated toward the 
fabrication of α-Fe2O3 nanostructures by various approaches 
such as sol-gel [12], hydrothermal [13], co-precipitation 
[14], solvothermal [15], electrochemical deposition of thin 
films [16], laser-assisted chemical vapor deposition [17], 
in situ polymerization [18], and also the green synthesis of 
iron-rich plant productions [19]. Hence, we have adoped a 
simple sol-gel method for the synthesis of α-Fe2O3 nano-
structures. However, the photocatalytic dye degradation and 
water-splitting efficiencies of pure α-Fe2O3 nanostructures 
are very limited and so far from their theoretical value which 
may be due to the fast recombination rate of photogenerated 
charge carriers which is hindering their extensive application 
in photocatalysis [20]. The primary reason is the short life-
time of the photogenerated charge carriers, and not enough 
diffusion length (2–4 nm) to transfer the hole to the surface 

of the α-Fe2O3 [21]. Numerous attempts have been made to 
address these limitations, including morphology engineer-
ing, element doping, heterostructure formation, overloading 
of oxygen evolution catalyst, deposition of electrocatalyst, 
crystal facet engineering, and formation of composites [20].

Among the various attempts, the formation of composites 
in particular with wide bandgap semiconductors, in particular, 
TiO2 [22] and ZnO [23] for the elevation of photocatalytic 
activities of α-Fe2O3 enhances the rate of separation of the 
photogenerated charge carriers and reduces the photo-corro-
sive property of α-Fe2O3 [24]. Further, the composites make it 
active in both the visible and UV regions and therefore its pho-
tocatalytic efficiency improves under natural sunlight [25–27]. 
Hence, this work aims the preparation of α-Fe2O3, ZnO, and 
α-Fe2O3/ZnO composites and investigates the photocatalytic 
dye degradation of methylene blue (MB) and dielectric stud-
ies. This investigation was on the effects of the integration of 
α-Fe2O3 and ZnO nanomaterials for the ability to offer sig-
nificant improvements and breakthroughs in the fields of dye 
degradation and dielectric studies, contributing to sustainable 
and technologically advanced cost-effective solutions.

Among various combinations, α-Fe2O3/ZnO composites 
of (1:2) ratio exhibit superior photocatalytic activity, and 
the scavenger analysis reveals that the hydroxyl radicals are 
the major contributors to the photocatalytic degradation of 
MB dye molecules. Further, the AC conductivity (σAC) of 
α-Fe2O3/ZnO composites of (1:2) ratio signifies that it is a 
suitable candidate for the fabrication of flexible electronic 
devices at high-frequency ranges also.

Materials and methods

Materials

The analytical grade of iron nitrate nonahydrate 
(Fe(NO3)2·9H2O), zinc nitrate hexahydrate (Zn (NO3)2)·6H2O, 
and gelatin (C6H12O6) were procured from Merck. They were 
used without further purification.

Synthesis of nanoparticles

Preparation of α‑Fe2O3

For the evolution of α-Fe2O3 nanoparticles (NPs), 0.1 M 
of iron nitrate and 0.1 M of gelatin were dissolved in dou-
ble-distilled (DD) water separately and stirred for 30 min. 
Subsequently, the two precursors were mixed and the final 
solution was continuously stirred for 3 h along with the 
heat treatment until it was transformed into a clear solution. 
After that, the magnetic peddle was removed from the solu-
tion, and the heat treatment was continued for the next 3 h. 
Finally, the dried porous foam-like structures were obtained, 
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and the product was naturally allowed to cool down for a 
day. Then, the dried porous form-like structure was ground 
with the mortar pestle and annealed at 1000 °C for 2 h in 
the ambient condition. Finally, the reddish brown α-Fe2O3 
NPs were obtained. The powder samples were finely grained 
and packed for further studies. The preparation procedure of 
α-Fe2O3 NPs is schematically shown in Fig. 1 a.

Synthesis of ZnO

The precursors of ZnO were prepared by dissolving 0.1 M 
of zinc nitrate hexahydrate in DD water and the final solu-
tion was continuously stirred for 30 min [23]. After that, the 
same synthesis procedure of α-Fe2O3 NPs was adopted to 
synthesize ZnO NPs. The final white-colored powder was 
dried, and ground well.

Preparation of α‑Fe2O3/ZnO nanocomposites

For the preparation of α-Fe2O3/ZnO nanocomposites, the 
prepared α-Fe2O3 NPs and ZnO NPs were taken as source 

materials. α-Fe2O3/ZnO nanocomposites of (1:1) and (1:2) 
were prepared by using the solid-state reaction technique 
[21]. In this method, Fe2O3 and ZnO NPs were mixed 
together and ground continuously by using a mortar and 
pestle for 6 h.

Preparation of films for dielectric studies

0.15 g of α-Fe2O3 NPs was dissolved in 5 ml of DD water 
by ultrasonication. Similarly, 0.15 g of polyvinyl alcohol 
(PVA) was taken in 2 ml of DD water and heated at 50 °C 
until the PVA was dissolved. After that, the dissolved NPs 
were slowly added to the PVA solution and the resultant 
solution was mixed well overnight (as shown in Fig. 1b). 
The mixed solution was transferred into a Petri dish and 
allowed to dry for 3 days in the open-air ambient. Finally, 
the α-Fe2O3/PVA film was fabricated. The above similar 
procedure was adopted to prepare the ZnO, α-Fe2O3/ZnO 
(1:1), and α-Fe2O3/ZnO (1:2) blended with PVA films. The 
photographs of the prepared films are shown in Fig. 1 c and 
were used for the dielectric measurements.

Fig. 1   a, b Schematic representations of NPs and film preparation procedure, and c digital photographs of the prepared pure α-Fe2O3, ZnO, and 
blend composite films, with PVA
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Characterization

The structural studies of pure α-Fe2O3 NPs, ZnO NPs, 
and α-Fe2O3/ZnO nanocomposites were done by using 
an X-ray diffractometer (Bruker Eco D8 Advance, Ger-
many) with Cu Kα radiation (λ = 1.5406 Å). For the phase 
identification of the samples, the diffraction patterns were 
recorded using θ–2θ geometry between 10 and 80 ° with 
a step size of 0.05°. The surface morphologies of the 
samples were investigated by a field emission scanning 
electron microscope (Carl Zeiss-Cross Beam 340, Ger-
many). Raman spectra of the samples were recorded in the 
back-scattering geometry by using Renishaw inVia Raman 
Spectrometer with an objective lens of 50× magnification. 
A laser source of 532 nm wavelength was used as an exci-
tation source. In order to cease laser-induced heating in the 
samples, 1mW laser power was used. Fourier transform 
infrared (FTIR) spectrum was logged using the Shimadzu 
IR TRACER-100 FTIR spectrophotometer in the spectral 
range of 300–4000 cm−1. The photoluminescence stud-
ies of the samples were documented by using a HORIBA 
JOBIN YVON (iHR 550) monochromator. A He-Cd laser 
of 325 nm wavelength was used as an excitation source. 
The optical reflectance spectra were evaluated by using 
the ultraviolet diffuse reflectance spectrophotometer (UV-
DRS) (JASCO V-750, Japan). In the dielectric studies, AC 
conductivity measurements were carried out using a pro-
grammable LCR meter (Novocontrol BDS GmbH concept 
40, Germany) over the frequency range of 0.01 to 10 × 
106 Hz.

Experimental details of photocatalytic studies

The photocatalytic dye degradation studies of MB dye 
molecules were undertaken using the prepared nanoma-
terials as a photocatalyst under natural sunlight at Sat-
tur, Tamil Nadu, India (geographical location: 9.3580 °N, 
77.9156°E). For the preparation of the MB dye solution, 
10 ppm of MB dye is dissolved in 100 ml of DD water. All 
the photocatalytic experiments were conducted using 0.15 
g of photocatalyst (α-Fe2O3, ZnO, α-Fe2O3/ZnO (1:1), and 
α-Fe2O3/ZnO (1:2)) in 10 ppm of MB dye solution. In 
order to attain the complete dispersion of the catalyst, the 
above-prepared colloidal solution was sonicated, and the 
solution was kept under natural sunlight on a sunny day. 
Under illumination, the degradation was observed in the 
solution. To examine the degradation of MB dye mole-
cules, 5 ml of dye solution was collected at a regular time 
interval of 15 min from 0 to 75 min. Finally, the collected 
solutions were filtrated, and the UV-Vis absorption spectra 
were documented by using the UV-visible spectrophotom-
eter (JASCO V-750).

Radical trapping analysis

To establish the degradation mechanism of MB dye using 
the prepared samples, the radical trapping analysis was car-
ried out using α-Fe2O3/ZnO (1:2) nanocomposites. For this 
study, benzoquinone (BQ), isopropanol (IPA), and ethylen-
ediaminetetraacetic acid (EDTA) were taken as scavengers 
for superoxide radicals, hydroxyl radicals, and holes respec-
tively. To examine the photo-corrosion and photostability 
of the α-Fe2O3/ZnO (1:2) composites, the photocatalytic 
degradation of MB dye molecules was repeated for up to 5 
cycles under the illumination of natural sunlight.

Results and discussion

Structural and optical properties of α‑Fe2O3/ZnO 
nanocomposites

Fig. 2 a depicts the XRD patterns of α-Fe2O3 NPs, ZnO NPs, 
α-Fe2O3/ZnO (1:1), and α-Fe2O3/ZnO (1:2) nanocomposites. 
All the reflections observed in the XRD spectrum of pure 
α-Fe2O3 NPs are in concurrence with the JCPDS Card No. 
00-033-0664 and correspond to the Rhombohedral struc-
ture [28]. For the ZnO NPs, the observed XRD peaks are in 
concurrence with the JCPDS Card. No. 01-036-1451, and 
corresponds to the hexagonal wurtzite structure with P63 
mc space group [29]. In the XRD spectra of α-Fe2O3/ZnO 
nanocomposites, all the reflections correspond to the peaks 
of ZnO and α-Fe2O3 NPs. This evidences the formation of 
α-Fe2O3/ZnO nanocomposites and the absence of secondary 
peaks shows the sample is free from impurities.

The mean crystalline size and strain of the synthesized 
NPs and their composites are found by the Williamson-Hall 
(W-H) equation.

where D is the crystalline size of the NPs, k is the shap-
ing factor or Scherrer constant, λ is the wavelength of the 
X-ray used, β is the value of full-width at half maximum 
(FWHM) of the diffraction peak, and θ represents the Bragg 
angle, and ε is the microstrain [30]. The mean crystalline 
size of pure α-Fe2O3 and ZnO NPs is calculated as 50 and 
27 nm, respectively. For the composite samples, the mean 
crystalline size is 23 and 20 nm for the 1:1 and 1:2 ratios, 
respectively. The variation of the crystalline size and strain 
are depicted in Fig. 2 b.

The FTIR spectra of α-Fe2O3, ZnO, and α-Fe2O3/ZnO 
(1:1), (1:2) composites are shown in Fig. 3 a. In the FTIR 
spectrum of α-Fe2O3 NPs, the wavenumbers at 451 and 
566 cm−1 signify the Fe–O stretching, and bending modes, 
respectively [31], whereas, in ZnO, the small transmission 

(1)�hkl cos � =
k�

D
+ 4ε sin �
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Fig. 2   a XRD patterns of α-Fe2O3, ZnO, α-Fe2O3/ZnO (1:1), and α-Fe2O3/ZnO (1:2) nanocomposites, and b variation of crystalline size and 
strain for pure and composite samples

Fig. 3   a FTIR spectra and b 
Raman spectra of α-Fe2O3, 
ZnO, and their composites



1142	 Ionics (2024) 30:1137–1150

1 3

peak at 440 cm−1 is merged with the peak at 532 cm−1 which 
is due to the Zn–O stretching mode [32]. In the composite 
samples of (1:1) and (1:2), the combined peaks of Fe2O3 
and ZnO NPs are observed along with small peaks at 913 
cm−1 representing amines, 1424 cm−1 for –COOH sym-
metric stretch, 1532 cm−1 shows N–H bending vibration, 
1630 cm−1 for C=O stretch, and 3433 cm−1 for O–H stretch 
respectively [33]. These peaks may be ascribed to the addi-
tion of gelatin in the preparation process.

Fig. 3 b shows the Raman spectra of α-Fe2O3, ZnO, and 
their nanocomposites. It is a basic technique to examine the 
vibrational symmetry of molecules. α-Fe2O3 belongs to the 
D3d

6 space group and possesses seven typical Raman active 
modes, namely two A1g modes and five Eg modes [34]. In 
the Raman spectrum of α-Fe2O3 NPs, the peaks observed at 
220 and 493 cm−1 belong to the Ag and the peaks observed 
at 288, 409, and 604 cm−1 agree with Eg symmetry. D state 
of sp3 carbon atoms observed at 1297 cm−1 corresponding 
to the two magnon scattering modes corroborates with the 
XRD results of rhombohedral structure. In the Raman spec-
trum of ZnO NPs, the peaks observed at 99.3, 199, 335.9, 
and 435.6 cm−1 correspond to the E2

low, 2E2
low, E2

high-E2
low, 

and E2
high phonon modes, respectively [35]. In addition to 

this, the peaks observed at 588 and 1155 cm−1 belong to 

the A1(LO) and A1(TO)+E1(TO), respectively [36]. This 
observed result substantiates the wurtzite crystal structure of 
ZnO NPs. The Raman spectra of composite samples confirm 
the formation of α-Fe2O3/ZnO composites and its intensity 
differs with respect to the ratios of α-Fe2O3 and ZnO.

Fig. 4 shows the FESEM images of pure α-Fe2O3, ZnO, 
and their nanocomposites. The particle size of α-Fe2O3, 
ZnO, and their composites have been calculated using 
Image J software and are pictured in Fig. 5. The particle 
sizes of the α-Fe2O3 and ZnO NPs are 460 and 481 nm 
respectively. From the particle size measurements, it is 
noticed that the particles are too big which is attributed to 
the agglomeration particles due to the post-annealing pro-
cess at a very high temperature of 1000 °C. This agglom-
eration of particles happens due to the electrostatic nature 
and van der Waals forces on high-temperature annealing 
[37]. This high-temperature annealing is unavoidable in the 
formation of α-Fe2O3 since only 1000 °C and above post-
annealing temperature ensures the formation of α-Fe2O3 
in pure form. The particle size of the composite samples 
(1:1) and (1:2) ratio is in the order of 529 and 484 nm 
respectively.

Figure 6(a) illustrates the photoluminescence spectra of 
the pure α-Fe2O3 NPs, pure ZnO NPs, and α-Fe2O3/ZnO 

Fig. 4   FESEM images of a α-Fe2O3, b ZnO, c α-Fe2O3/ZnO (1:1) composite, and d α-Fe2O3/ZnO (1:2) composite
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Fig. 5   Particle size distribution of a α-Fe2O3, b ZnO, c α-Fe2O3/ZnO (1:1), and d α-Fe2O3/ZnO (1:2) composites

Fig. 6   (i) Photoluminescence spectra of α-Fe2O3, ZnO, α-Fe2O3/ZnO (1:1), and α-Fe2O3/ZnO (1:2) nanocomposites and (ii) UV-diffuse reflec-
tance spectroscopy spectra of (a) α-Fe2O3, (b) ZnO, (c) α-Fe2O3/ZnO (1:1), and (d) α-Fe2O3/ZnO (1:2) nanocomposites
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nanocomposites. In the photoluminescence spectrum of 
pure α-Fe2O3 NPs, the observed emission peak at around 
595 nm corresponds to the band edge emission of α-Fe2O3 
[38]. Similarly, the UV emission peak observed at 386 nm 
in the ZnO NPs is due to its near band edge emission [39]. 
In addition to this, the dominant and broad emission peaks 
observed at 469 and 577 nm confirm the presence of oxy-
gen vacancies in the ZnO NPs [40]. In the case of (1:1) 
α-Fe2O3-ZnO nanocomposite, the band edge emission is 
observed at 579 nm. Further increasing the composition of 
ZnO to attain the (1:2) α-Fe2O3-ZnO nanocomposite, the 
band edge emission is observed at 436 nm which represents 
the blue shift of the band edge emission. From the obser-
vation of composite samples, it is noticed that the energy 
gap of the composites increases from the pure α-Fe2O3 NPs 
when increasing the composition of ZnO. Furthermore, the 
defect-mediated emission is suppressed in the composite 
samples. Apart from this, the broad peak observed at 755 
nm corresponds to the glass substrate since all the powder 
samples are fixed in glass substrates in order to record the 
photoluminescence spectra. It corroborates with the earlier 
report [41].

Figure 6(b) depicts the Kubelka-Munk (K-M) function 
vs. energy plot of the pure α-Fe2O3 NPs, pure ZnO NPs, and 
α-Fe2O3/ZnO nanocomposites. The K-M function is calcu-
lated by using the following equation.

 where R is the reflectance data concerning the wavelength. 
The band gap of α-Fe2O3 and ZnO NPs is found to be 
2.11 and 3.14 eV, respectively. Similarly, the energy gap 
of α-Fe2O3-ZnO nanocomposites of (1:1) and (1:2) ratio is 
calculated as 2.87 and 2.92 eV, respectively. From this, it is 
observed that the band gap value obtained from PL spectra 
is endorsed by the UV-DRS spectra.

The Urbach energy is calculated using the reflectance 
data from Eqs. 3 and 4:

where α=Ln(F(R)), β=2α0/S (Scattering coefficient) is a 
constant, h is the Planck constant, ν is frequency, and Eu is 
the Urbach energy [42].

The Urbach energy for α-Fe2O3 is 0.963 meV, and ZnO is 
1.110 meV. For the composite samples, α-Fe2O3/ZnO (1:1) 
is 1.932 meV, and (1:2) sample is 1.388 meV calculated 
from Eq. 4. From the Urbach energy, it is clearly known 

(2)F(R) =

(

1 − R2
)

2R

(3)� = �0 exp

(

hv

Eu

)

(4)ln (F(R)) = ln � +
hv

Eu

Fig. 7   Dye degradation studies of a α-Fe2O3, b ZnO, c α-Fe2O3/ZnO (1:1), d α-Fe2O3/ZnO (1:2) nanocomposites, and e degradation kinetics of 
the samples
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that the molecules α-Fe2O3/ZnO (1:1) and (1:2) samples are 
highly disordered caused by agglomeration [25].

Photocatalytic dye degradation α‑Fe2O3/ZnO 
nanocomposites

The photocatalytic dye degradation performance of pure 
Fe2O3, pure ZnO, and their composites was investigated by 
using MB dye molecules under natural sunlight. Fig. 7 a–d 
depict the time-dependent UV-Vis absorption spectra for 
the photocatalytic degradation of MB dye molecules using 
pure α-Fe2O3, pure ZnO, and their composites respectively. 
So far, the previous reports have achieved the degradation 
of MB to 120 min under solar irradiation [23], and a new 
improvement has been made. From the absorption spectra 
of all the samples, it is noticed that the intensity of the 
characteristic peak of the MB dye molecule (~664 nm) 
quenches concerning the irradiation time of the sunlight. 
The percentage of degradation of the dye molecules for all 
four samples is represented in Table 1. The results show 
that the (1:2) ratio of α-Fe2O3-ZnO nanocomposite exhib-
its superior photocatalytic dye degradation performance of 

96% within 75 min. The sample’s degradation efficiency is 
found using Beer Lambert’s law (Eq. 5).

 where C0 is the dye molecules’ concentration at t = 0 min 
and Ct is the dye molecules’ concentration concerning irra-
diation time t. The pseudo-first-order kinetic ratio (K) is 
quantified using the given relation (Eq. 6) and its values are 
tabulated in Table 1. Further, the variation of the pseudo-
first-order kinetic ratio for all the samples is depicted in 
Fig. 7 e.

The pseudo-first-order rate of Fe2O3-ZnO composite 
(1:2) is found to be 0.0251 min−1. The degradation rate 
constant  for α-Fe2O3 is very low and for ZnO is high. 
Thus, the composites is formed to improve the degrada-
tion of α-Fe2O3 with the help of ZnO and consequently, the 
degradation rate of the composite also increases as the 
ratio of ZnO increases.

From the comparison as shown in Table 2, all the 
above nanocomposites degrade MB dye molecules at 
various time intervals, and α-Fe2O3/ZnO nanocomposite 
degrades the MB dye molecules at a faster rate, proving 
that it is a suitable candidate for the dye degradation of 
MB dye molecules.

Degradation mechanism with cyclic stability

With the following equations, the dye degradation mech-
anism of MB dye molecules using α-Fe2O3/ZnO nano-
composite is explained in detail.

(5)Percentage of Degradation(%) =

(

1 +
Ct

C0

)

× 100

(6)ln

(

Ct

C0

)

= Kt

Table 1   Pseudo-first-order kinetics value of prepared composites 
with their percentage of degradation

Sample Percentage of deg-
radation (%)

Rate constant K 
(min−1)

α-Fe2O3 60 0.0086
ZnO 94 0.0421
α-Fe2O3/ZnO (1:1) 80 0.0132
α-Fe2O3/ZnO (1:2) 96 0.0251

Table 2   Comparison 
of MB dye molecules’ 
degradation efficiency with 
various photocatalysts 

Photocatalyst Light source Degradation 
time (min)

Degradation 
efficiency (%)

Reference

α-Fe2O3 Sunlight 90 96 [43]
ZnO/mesoporous 

silica (GSBA-15)
Sunlight 90 94.9 [44]

α-Fe2O3/ZnO Sunlight 120 95 [23]
α-Fe2O3/ZnO Tungsten lamp (40W) 45 65 [21]
Fe3O4/ZnO Sunlight 120 88 [45]
rGO/Fe3O4-TiO2 Sunlight 55 99 [46]
rGO/TiO2 Sunlight 30 91 [47]
WO3/ZnO/rGO Sunlight 90 94 [48]
V2O5/CeO2 Halogen lamp (150W) 25 98 [49]
ZnO/ZnCr2O4 UV-light 120 93 [50]
α-Fe2O3/ZnO Sunlight 75 96 Present work
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This is the electrons and hole transfer mechanism for the 
Z scheme heterojunction (α-Fe2O3 and ZnO), bare Fe2O3, 
and ZnO. Transferring electrons from the conduction 
band (CB) of α-Fe2O3 to the valance band (VB) of ZnO 
generates more reactive oxygen species for the degradation 
of organic dye molecules [23].

The stability study of the photocatalyst is the key deci-
sive parameter for the selection of the potential catalyst 
for the photocatalytic degradation process. Fig. 8 a shows 
the recycling study of α-Fe2O3-ZnO nanocomposite (1:2). 
For the recycle studies, α-Fe2O3-ZnO nanocomposite (1:2) 
was taken as a photocatalyst. After the successful comple-
tion of the degradation process, the catalyst was retrieved 
from the dye solution. The retrieved catalyst was taken 
into a new dye solution, and the degradation process was 
repeated for up to 5 cycles. From the repeatability stud-
ies, it is ascertained that the photocatalytic degradation 
efficiency is nominally decreased from 96.7 (first cycle) to 
90% (fifth cycle). This result ascertains that α-Fe2O3-ZnO 
nanocomposite (1:2) is having appreciable photostability.

Usually, the dye degradation will take place due to the 
photo-generated charge carriers (electrons and holes) and 
other highly reactive radicals such as O2

·−, OH·, and HO2
·. 

From the observation, it is perceived that the α-Fe2O3/
ZnO nanocomposite (1:2) has acted as a feasible photo-
catalyst for the degradation of MB dye molecules. In order 
to understand the phenomenon of photodegradation, the 
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radical trapping test was investigated for α-Fe2O3/ZnO 
nanocomposite (1:2) and is shown in Fig. 8 b. This result 
shows lesser degradation for IPA-added dye solution. This 
evidences that the hydroxyl radicals play a vital role in the 
photocatalytic degradation process of MB dye molecules 
[51]. In addition to this, the holes and superoxide radicals 
also contribute to the photocatalytic dye degradation pro-
cess of MB dye molecules. However, their contribution is 
small compared to the hydroxyl radicals. From the scav-
enger studies, it is concluded that hydroxyl radicals are the 
primary contributor to the photocatalytic degradation of 
MB dye molecules.

Dielectric studies of α‑Fe2O3/ZnO nanocomposites

In the current work, the dielectric properties of a composite 
consisting of /Fe2O3/ZnO/PVA were examined in order to 
determine whether it would be feasible to use it for energy 
storage applications. At room temperature, dielectric studies 
were taken in Broadband Dielectric Spectroscopy (BDS). 
The calculated values are from the principles of dielectric 
studies [52–54] of polymer materials in high-frequency 
ranges (mHz-GHz) observed in BDS. Bulk material aligns 
the charges of the material in fields making the overall polar-
ization to find the dielectric constant, dielectric loss, and AC 
conductivity (σac).

where εr is the dielectric constant of the bulk material, ε0 is the 
relative permittivity (8.854×10−12 F/m), ε′ is the real dielectric 
part, ε″ is the imaginary dielectric part, tanδ is the tangent 
loss of the dielectric material, ω is the frequency in Hz, and 
σAC is the AC conductivity of the polymer dielectric mate-
rial. The real part of dielectric permittivity is the dielectric 

(11)�r = �� + i���

(12)tan � =
���

��

(13)�
AC

= ��
0
�
r
tan �

Fig. 8   a Photocatalytic stability, 
and b radical trapping test of 
α-Fe2O3/ZnO nanocomposite 
(1:2)
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constant of the materials and the imaginary part of permittivity 
explains the dielectric loss from the tangent loss of dielec-
tric material at room temperature (Fig. 9). The prepared films 
α-Fe2O3/PVA and ZnO/PVA show interfacial polarization of 
the dipoles at the input frequency [55]. The α-Fe2O3/ZnO/PVA 
(1:1) ratio film exhibits instability as the dielectric constant 
value drops out to zero at a high frequency losing its polar-
izability (Fig. 9a). Therefore, the sample α-Fe2O3/ZnO/PVA 
(1:2) stands for application purposes. The dielectric constant of 
α-Fe2O3/ZnO/PVA (1:2) film is 32.68 calculated from Eq. 11. 
And also, the dielectric loss of the α-Fe2O3/ZnO/PVA (1:2) 
film is very low (3.32) from Eq. 12 compared with the other 
samples. The difference in the dielectric constant concerning 
frequency shows that the dielectric constant rises at lower fre-
quencies and falls at higher frequencies as shown in Fig. 9 a. 
This increased dielectric constant is due to Maxwell-Wagner 
polarization, which is primarily produced by conductor-insu-
lator interactions. Furthermore, this interfacial polarization is 
caused by the accumulation of space charge polarization at 
the interfaces. The σ (AC) conductivity of the α-Fe2O3/ZnO/
PVA (1:1) is high (10−12) as shown in Fig. 9 d. In all films, 
the conductivity increases with frequency. The dielectric loss 
factor is a standard definition of power outage in a dielectric 

medium (tan δ). The frequency evolution of the dielectric loss 
factor for all films is shown in Fig. 9 c. Tangent loss decreases 
as frequency increases, as seen in Fig. 9 c.

Conclusion

The sol-gel route of gelatin-mediated α-Fe2O3 and their 
composites were successfully synthesized for the appli-
cations of wastewater treatment and flexible electronic 
devices. XRD results revealed the rhombohedral struc-
ture for α-Fe2O3 and the hexagonal structure for ZnO and 
evidence of the formation of their composites. Raman 
studies confess both Ag and Eg symmetry for α-Fe2O3 
and substantiate the XRD results. The UV-DRS investiga-
tions have yielded valuable insights into the band gap val-
ues of various materials. Specifically, α-Fe2O3, ZnO, and 
α-Fe2O3/ZnO composites with (1:1) and (1:2) ratios have 
demonstrated band gap values of 2.11, 3.14, 2.87, and 2.92 
eV, respectively. Among these, the α-Fe2O3/ZnO compos-
ite with a (1:2) ratio stands out for its superior photocata-
lytic performance when exposed to natural sunlight. Fur-
thermore, it exhibits remarkable stability over five cycles 

Fig. 9   Graphical representation of dielectric properties of polymer-bound α-Fe2O3 and its composites. a Real part of dielectric constant (ε′), b 
imaginary part of dielectric loss (ε″), c variation of dielectric loss (δ), and d AC conductivity (σAC)
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of use. Scavenger studies have led to the conclusion that 
hydroxyl radicals play a pivotal role in the photocatalytic 
degradation of MB dye molecules. α-Fe2O3/ZnO/PVA thin 
films demonstrate a higher dielectric constant (32.68) and 
lower loss factor (3.32) than pristine PVA. The AC con-
ductivity (σAC) of α-Fe2O3/ZnO composites of (1:2) ratio 
is 10-12 S/cm. All of the experimental results suggest that 
α-Fe2O3/ZnO (1:2) sample can be utilized as a promising 
candidate for the photocatalytic degradation of dye and 
flexible electronic devices. The novelty of this work is 
the multifunctionality opening up a new way of research 
to integrated and efficient devices. These environmentally 
friendly materials are desirable, sustainable, and cost-
effective for production in large quantities.
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