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aracterization of micro-/nano-a-
Fe2O3 for photocatalytic dye degradation†

Vikram Rama Uttam Pandit, *a Ganesh Kavita Parshuram Jadhav,a

Vivekanand Mangal Sakharam Jawale,b Rohit Dubepatil,c Rajendra Guraoa

and Dattatray J. Late *d

Photocatalytic activity using micro-/nano-a-Fe2O3 on a large scale was carried out using a sol–gel

autocombustion method. A degradation time of 60 min was noted for 50 mg of the catalyst. Post

characterization, this catalyst system showed a degradation of about 53% (rate = 2.60 × 10−3 min−1)

and 17% (rate = 1.38 × 10−2 min−1) under sunlight and up to 45% (rate = 1.13 × 10−3 min−1) and 7%

(rate = 1.20 × 10−2 min−1) under a 400 W UV lamp for rhodamine 6G (R6G) and crystal violet (CV),

respectively. Sunlight has a broad spectrum of light; it greatly accelerates the degradation process and

creates ideal conditions for the reaction to occur. The rate of photocatalytic dye degradation of

a-Fe2O3 without Fenton's reagent was found to be 7.84 × 10−3 min−1 in the presence of external air

provided (in the photocatalytic setup) through a bubbler and 3.23 × 10−3 min−1 in the absence of the

bubbler.
1 Introduction

Inorganic semiconductor materials for photocatalytic applica-
tions are well studied owing to their durability, low cost,
minimal toxicity, hydrophilicity, and outstanding photochem-
ical and chemical stability.1 Iron oxide is one of the promising
transition metal oxides and is being studied in a wide range of
scientic domains. It can be found in different stoichiometric
and crystalline structural arrangements in nature, including
FeO (wurtzite), a-Fe2O3 (hematite), n-Fe2O3 (maghemite), and
Fe3O4 (magnetite).2 Among these, a-Fe2O3 is abundant, non-
toxic, and a noteworthy n-type semiconducting material.3 It
has excellent chemical, thermal and environmental stabilities
as compared to other metal oxides and sulphide semi-
conductors.4 These unique and distinct properties open new
doors in electronics, sensing, metallurgy, energy storage,
batteries, anti-corrosion, catalysis, and biological activity.5–7

Among these cutting-edge uses, photocatalysis is one of the
most promising since it will be essential for the sustainability of
future generations.

To date, numerous metal oxides, nitriles, and sulphide
semiconductor photocatalyst systems have been reported with
Haribhai V. Desai College, Pune-411002,

5, India

ia

Group, Brane Enterprises Private Limited,

@gmail.com

tion (ESI) available. See DOI:

the Royal Society of Chemistry
countless applications. Individual photocatalyst materials such
as TiO2, ZnO, Fe2O3 and ZnS8–10 have been found effective for
photocatalytic applications without any further modications.
Komal et al. proved the photo-activeness of a-Fe2O3 in ionic
liquids towards rhodamine dye degradation.9 Nevertheless,
several of these, namely, SnO2, CdS, WS2, and PQ,11–13 need
assistance from other inorganic or organic semiconductor
materials in order to function well. Jasim et al. reported quasi
spherical a-Fe2O3 for the degradation of both rhodamine and
methylene blue dyes.14 Several modications, including
composites, co-catalysts, coupling, and doping, are available to
improve the overall photocatalytic activity of semiconductor
catalyst materials.15–19

a-Fe2O3 is a signicant photocatalyst compared to any other
semiconductor because it absorbs about 35% of solar light from
the whole spectrum.20–22 Taking into account the aforemen-
tioned facts, researchers have documented the synthesis of a-
Fe2O3 via several methods such as hydrolysis, co-precipitation,
hydrothermal, solvothermal, ionic liquid-aided, thermal
decomposition, and sol–gel autocombustion methods.23–25

However, sol–gel autocombustion is an easy, one-step,
straightforward, and inexpensive procedure compared with
other methods. Lately, synthesis methods have been designed
according to the size, shape, and porosity of Fe2O3 nano-
materials for photocatalysis.26–32 In this context, Zhou's research
group proved the size-dependant photocatalytic activities of
Fe2O3 over the Rhodamine-B dye.33 Xu et al. studied the effect of
reactive sites over the enhanced photocatalytic dye degradation
activities.34 Further, Wu et al. prepared the nanocubes of Fe2O3-
truncated (104) and oblique (012) with higher photocatalytic dye
RSC Adv., 2024, 14, 29099–29105 | 29099
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degradation results.35 Along with these, the role of pH and
catalytic amount of Fe2O3 nanoparticles were explored for the
degradation of MB and R-6G dyes, respectively.33

This present study describes the synthesis of a-Fe2O3 nano-
structures with (104) plane orientation using the sol–gel auto-
combustion process. Themain objective of the present study is to
check the degradation of dyes in natural sunlight and UV lamp
and compare it with the bubbler results without Fenton's
reagent. Rhodamine and crystal violet dyes were employed in
both studies, and it was discovered that the rate of photocatalytic
dye degradation was 7.84 × 10−3 min−1. A three-fold increase in
photocatalytic activity was observed with external air provided
through a bubbler in the photocatalytic setup. Overall, natural
sunlight provides a wide range of light spectrum, which results in
more dye degradation (almost two-fold) than the UV lamp. In
future, this work can open new methods for the synthesis of
specic structure-oriented hematite with doping and nano-
composite materials with organic and inorganic semiconductors
for various applications.36,37 Also, using these multifunctional
systems without Fenton's reagent to scaleup the photocatalytic
dye degradation experiments with other complex dyes is
currently a limitation of this photocatalytic study.

2 Experimental methods
2.1 Synthetic chemicals and reagents

All materials were analytical grade (99% pure) and used without
any further purication. Ferric nitrate nonahydrate (Fe(NO3)3-
$9H2O) was obtained from Himedia. Citric acid (C6H8O7) was
purchased from Research lab Einechem Industries, and
ammonia solution 25% extra pure (NH4OH) was purchased
from Loba Chemie Pvt. Ltd. Both the dyes (rhodamine and
crystal violet) were purchased from Loba Chemie Pvt Ltd India.
Doubled distilled water was used as the solvent for synthesis
and all photocatalytic dye degradation experiments.

2.2 Synthesis of rhombohedral a-Fe2O3

The rhombohedral a-Fe2O3 nanostructure was synthesised using
the sol–gel autocombustion method.7 The synthesis was carried
out in 1000 mL glass beaker with 45.99 g (Fe(NO3)3 9H2O) and
35.80 g citric acid. An appropriate amount of deionized water was
added into the reaction mixture to form a homogeneous solu-
tion, and the pH of the reaction mixture was further optimized to
pH = 9 with the dropwise addition of liquor ammonia and
continuous stirring.7 The reaction mixture was subsequently
subjected for to 180 min reaction with constant stirring while
maintaining the reaction temperature at 80 °C. The completion
of reaction was indicated when the brown coloured reaction
mixture turned in to a gel-like mass and with further heating,
a puffy brown coloured powder was observed to be formed. This
powder was subjected to calcination at 550 °C for 180 min in
a furnace, which converts it in to a-Fe2O3 nanomaterial.7

2.3 Characterization

The structural, optical, andmorphological characterization of the
synthesized a-Fe2O3 nanostructure was done with high-end
29100 | RSC Adv., 2024, 14, 29099–29105
instrumentation systems. The fundamental structural bonds
(Fe–O, Fe–O–Fe) and their relevant vibrating frequencies were
calculated with the help of Fourier Transform Infrared (FTIR)
spectroscopy (IR affinity-1, Shimadzu) in the range of 4000–
400 cm−1. The a-Fe2O3 sample conrmation and crystal phase
purity were determined with the help of X-ray diffraction (XRD)
technique (Bruker AXS model D8; the intensity data were
measured with 2q ranging from 10° to 80° at scanning rate
1° min−1). The XRD data agrees with the JCPDS no. 79-1741
structure with high phase purity (104). The optical properties
determined with the help of a UV-visible diffusion reectance
spectrophotometer (Shimadzu UV-vis DRSModel UV 3600) in the
range from 200 to 800 nm give an optical band gap of 2.3 eV. The
surface morphological analysis of the synthesized a-Fe2O3 was
done with Field Emission Electron Microscopy (FESEM) to prove
the layered structure formation. These layered structures consist
of rhombohedral nanorods such microstructural analysis per-
formed with transmission electron microscopy (TEM). The
material purity, phase, molecular interaction and polymorphism
analysis were done with the help of Raman spectroscopy.

2.4 Photocatalytic activity

The photocatalytic activity11–13 was studied under natural
sunlight and 400 W UV lamp with and without an air bubbler
for the synthesized a-Fe2O3 nanoparticles. This activity was
studied for standard 10 ppm crystal violet (CV) and rhodamine
6G (R6G) dye by preparing a 1 L stock solution, which consisted
of 10 mg of the respective dye in deionized water. In this
experiment, 50 mg of the accurately weighed synthesized a-
Fe2O3 nanoparticles and 100 mL of 10 ppm dye solution were
taken in a 100 mL conical ask. Then, these solutions were
stirred for about 30 min with the help of a magnetic stirrer in
the dark to obtain adsorption–desorption equilibrium.11,13 Once
equilibrium was established, the solution was irradiated with
natural sunlight and a 400WUV lamp (with and without oxygen
air bubbler) with constant stirring. Aer a xed 10 min time
interval, an aliquot of the dye sample was taken out and
centrifuged at 2500–3000 rpm. The centrifuged supernatant
liquid gives exact information about the degradation of CV and
R6G dye by a-Fe2O3 with respect to time, which was conrmed
by a UV-visible spectrophotometer (UV-1800 Shimadzu). The
absorbance value at 556 nm for the degradation of CV and R6G
was calculated38 using eqn (1).

Percent degradation of CV and R6G = (C0 − Ct)/C0 × 100 (1)

where, C0 is the initial concentration of CV and R6G, and Ct is
the concentration of CV and R6G at time interval ‘t’.11–13 The
recycling study of CV and R6G degradation experiments was
conducted ten times.

3 Results and discussion
3.1 FT-IR and UV-DRS, powder X-ray diffraction and Raman
analysis for a-Fe2O3

Fig. 1(a) shows the FTIR, (b) UV-DRS, (c) XRD and (d) Raman
graphs for the a-Fe2O3 analysis of the synthesised a-Fe2O3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FT-IR and (b) UV-DRS spectra for a-Fe2O3; (c) XRD and (d) Raman spectra for a-Fe2O3.
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nanostructure. FTIR gives an idea about the vibrational
frequencies in the ngerprint and functional group region,
which is associated with the functional groups present in
organic and inorganic molecules. Fig. 1(a) shows the FTIR
spectrum of a-Fe2O3.

Functional groups (400–650 cm−1) show two very intense and
sharp peaks mainly at 330–510 cm−1, which is the characteristic
peak for the vibrational mode of a-Fe2O3 nanostructures. Also,
the broad peak at about 516–600 cm−1 is due to the Fe–O
vibration in the a-Fe2O3 lattice of a-Fe2O3. The material with
highly puried conrms shows no signicant peaks in the
ngerprint region associated with the nanostructure, none for
even a trace amount of the impurities in it (unreacted, hydroxyl
and other organic species), which was conrmed by XRD anal-
ysis. The optical properties for the materials were inspected
with the help of UV-DRS, which gives fruitful information about
the reection and reectance of incident light. This signicant
information gives an idea about band gap energy. The UV-DRS
result for a-Fe2O3 is shown in Fig. 1(b). The signicant absor-
bance peak in Fig. 1(b) is seen at about 346 nm, which indicates
the formation of a-Fe2O3. The energy band gap value of the
synthesized a-Fe2O3 was calculated using the Tauc plot (inset of
Fig. 1(b)) and was found to be 2.3 eV. The original Tauc plot is
shown in ESI Fig. S1.† FTIR and UV-DRS interpret highly pure
crystalline a-Fe2O3 formation at this elevated calcination
temperature.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In the present study, aer powder X-ray diffraction (PXRD)
analysis, Raman spectroscopy was also performed (Fig. 1(d)).
The crystallinity and phase purity were determined by structure
analysis with the help of XRD. The PXRD pattern of the a-Fe2O3

structure is shown in Fig. 1(c). The position of the diffraction
patterns correspond to (012), (104), (110), (113), (024), (116),
(122), (214), (300), (119) and (220) planes, which indicate
a rhombohedral (cubic) structure of a-Fe2O3, in good agreement
with JCPDS no. 79-1741.7,38 The Debye–Scherrer equation (D =

kl/B cos q), where B is the full-width half maximum, k is the
Scherrer constant, D is the crystallite size, and l is the wave-
length of X-rays, was used to calculate the particle size of Fe2O3,
which was found to be about 20–24 nm. All peaks were highly
intense without any extra peaks, showing the high phase purity
of the nanostructure with the (104) plane, which was also
conrmed through TEM analysis.38 Raman spectroscopy is
a non-destructive analytical technique that gives an idea about
the materials purity, phases, molecular interaction, and poly-
morphism. Pristine a-Fe2O3 belongs to the R�3c crystal space
group and seven phonon lines are seen in the Raman spectrum,
which are attributed to two A1g phonon & 5 Eg phonon modes.9

From Fig. 1(d), it is very clear that the Raman peaks at 225 and
498 cm−1 can be attributed to the A1g phonon mode, while the
peaks at 245, 292, 300, 410 and 611 cm−1 are related to the Eg

phonon mode.9,24 The extra peak at 663 cm−1 in Fig. 1(d) is due
to the defects present in the crystal lattice of a-Fe2O3. A very
RSC Adv., 2024, 14, 29099–29105 | 29101
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Fig. 2 Morphological analysis of a-Fe2O3 (a–d).
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sharp and intense peak at 1317 cm−1 is seen due to the second
order scattering process, which can be attributed to the magnon
scattering process in a-Fe2O3. All these modes are responsible
for hematite without magnetite or maghemite, again conrm-
ing the purity of the material with a specic defect, which is
helpful in photocatalysis.
3.2 Morphological analysis using FESEM and TEM analysis

Fig. 2(a–d) shows morphological study performance of the
synthesized a-Fe2O3 using FESEM analysis. From Fig. 2(a), it is
seen that the as-synthesized a-Fe2O3 has a layered structure
with sheet-like microstructures. As the resolution increases, it is
revealed that the sheets are made up of tiny spherical particles.
These particles are found together and self-assemble with
a puffy structure and ake-like morphology. These akes show
Fig. 3 TEM images of the a-Fe2O3 nanostructure (a–d).

29102 | RSC Adv., 2024, 14, 29099–29105
different orientations in space, which merge to forms thin lms
with a size of 2–3 micron. These lms show deep or elevated
microstructures with hollow cavities (Fig. 2(d)).

Fig. 3(a–d) shows the TEM images of a-Fe2O3, and the XRD
pattern conrms hexagonal a-Fe2O3 with high phase purity and
rhombohedral unit cell with a particle size of 25–30 nm.
Fig. 3(a) shows nanoparticles oriented in space in different
directions with equal length. Similar results are observed in
FESEM analysis, where it is observed that the particles get fuse
together due to the very high energy during the autocombustion
reaction conditions (Fig. 3(b)). With an increase in the resolu-
tion, it is observed in Fig. 3(c) as a single particle with elongated
shape morphology from the top view and about 20 nm size.
Fig. 3(d) shows the selected area electron diffraction (SAED)
pattern for a-Fe2O3, where the (h, k, l) values (calculated and
observed) are found to exactly match with those from the XRD
values.9,38 It can be concluded from the morphological study
that Fe2O3 has high phase purity and good orientation in space.

It also conrms that surface modication with increasing
reactive sides can be achieved through autocombustion, which
helps in the photocatalytic reactions performed in this study.
4 Applications
4.1 Photocatalytic activity study

Before the start of photocatalytic experiments, we compared the
dye degradation activities of few earlier reports shown in ESI
Tables T1 and T2.† Aer complete characterization, the
synthesized a-Fe2O3 was subjected to photocatalytic activity test
with crystal violet (CV) and rhodamine 6G (R6G) dye. The pho-
tocatalytic activity was studied with the help of a UV-visible
spectrophotometer.12 This study started with exactly 50 mg
catalyst and 10 ppm of the respective dyes, which were taken in
100 mL conical asks. These solutions were kept in the dark for
about 30 min to attain absorption–desorption equilibrium (ESI
S2†) and then irradiated with natural sunlight and 400 W UV
lamp with and without a bubbler. The rate of degradation was
studied with small sample amounts (1–2 mL), which were taken
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocatalytic dye degradation% of 10 ppm dye solutions and kinetic study of photocatalytic degradation using the synthesized 50mg a-
Fe2O3 nanoparticles, (a) % CV degradation, (b) rate of CV degradation, (c) % R6G degradation, (d) rate of R6G degradation. Red colour represents
photocatalytic degradation results with sunlight, green colour represents those with UV lamp, and blue colour represents those with the bubbler.
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out at xed time intervals; the detailed process is explained in
the Experimental section.

As shown in Fig. 4, the degradation of CV and R6G dye in
natural sunlight is about 53% and 17%, and 45% & 7% using
400 W UV lamp, respectively. These results imply higher
degradation in natural sunlight than 400 W UV lamp for both
the dyes because a-Fe2O3 has good absorbing tendency of
natural sunlight. Natural sunlight has good degradation
capacity as compared to UV lamp, but the former has some
demerits such as intermittent sunlight, intensity of sunlight
and weather conditions. aFe2O3 shows excellent enhancement
in the photocatalytic activity from 1.13 × 10−3 to 7.84 ×

10−3 min−1. In the present study, the comparison of the results
with those obtained using Fenton reagent was done, and the
results of this study were found to be better (ESI Table T1†). The
Table 1 Apparent rate constant values for photocatalytic CV and R6G d

Dyes

Sun light UV lamp

Kapp (min−1) Standard error Kapp (min−1)

CV 1.38 × 10−2 0.0007 1.20 × 10−2

R6G 2.60 × 10−3 0.0009 1.13 × 10−3

© 2024 The Author(s). Published by the Royal Society of Chemistry
result is enhanced at slightly high temperature than ambient
temperatures, but the process is relatively costlier, favourable in
acidic condition and with the progress of degradation, a higher
amount of ferric sludge production takes place. The material
important for photocatalytic degradation is the one that can
further show enhanced performance upon passing an optimum
amount of air oxygen through the reaction mixture.11 Air oxygen
can be passed into it through an air bubbler at a rate of about
100–120 bubbles min−1 (photograph of the bubbler is shown in
ESI S3†), which shows enhancement in CV degradation from 45
to 83% and R6G from 7 to 32%. The improvement in the results
is attributed to the proposed mechanism, wherein the excited
electron is absorbed through air oxygen and used for superoxide
ion and hydroxyl radical formation, which enhances the pho-
tocatalytic activity, also meaning that it overcomes the problem
egradation using a-Fe2O3

With bubbler

Standard error Kapp (min−1) Standard error

0.0009 3.23 × 10−2 0.0002
0.0003 7.84 × 10−3 0.0001

RSC Adv., 2024, 14, 29099–29105 | 29103
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Fig. 6 Recycle study of 50 mg Fe2O3 dye degradation.
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of charge recombination due to a small band gap. In this study,
we have also observed the reaction kinetics of photocatalytic CV
and R6G degradation reactions. These reactions follow the
Langmuir–Hinshelwood model which appears to be the rst-
order reaction kinetics (ln(C0/Ct) = Kapp), as given in Fig. 4.
The slope of the ln(C0/Ct) vs. irradiation time graph gives an
exact rate constant value (Kapp).12 a-Fe2O3 shows the highest
apparent rate constant value of 7.84 × 10−3 min−1 for the
photocatalytic R6G degradation. The reason for the higher
photocatalytic activity is the supply of air oxygen, which helps in
superoxide ion and hydroxyl radical formation and also helps to
reduce the charge recombination rate. The properties of both
R6G and CV dyes are shown in ESI Table T3,† which gives an
idea about the easy-to-break structures as compared to other
complex organic toxic compounds.

The rate constant value for CV and R6G with standard tting
error using a-Fe2O3 are tabulated in Table 1. A higher rate
constant is observed for rhodamine 6G with air oxygen bubbler.

Fig. 5 shows the mechanism of photocatalytic dye degrada-
tion. The absorption of a photon with energy above or equal to
the band gap of the Fe2O3 photocatalyst generates photoexcited
electrons at the conduction band (CB) and the same number of
holes at the valence band (VB). Holes are responsible for
oxidation and electrons are responsible for reduction.11

Herein, the holes oxidize water to form hydroxyl ions, while
electrons react with surface adsorbed oxygen molecule to
generate the superoxide anion by providing enough oxygen rate
to enhance superoxide formation. The hole–electron then form
hydroxide free radicals aer combination with water, which are
well-known for their tendency to degrade dyes into harmless
compounds such as carbon dioxide and water.12,13 A signi-
cantly higher dye degradation rate was observed in natural
sunlight than under UV lamp irradiation due to the broader
spectrum of light available.38 From Table 1, the R6G dye was
degraded at 2.60 × 10−3 min−1 under natural sunlight, which is
almost double the UV lamp results. Moreover, the heterocyclic
structure and other easy to remove substituents may make R6G
dye degradation fast than CV degradation. These active
adequate superoxide anions and hydroxyl radicals act as strong
oxidizing species, which helps in improving the degradation of
Fig. 5 Mechanism of the photocatalytic activity for CV and R6G
degradation.
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CV and R6G dyes without Fenton's reagent, making the process
better. In the presence of external air from the bubbler, the
aromatic compounds and harmful coloured dyes are degraded
and decolorized much faster, leading to a loss of colour inten-
sity and a reduction in their harmful effects.39

4.2 Recycling study

The potential of reusability of a-Fe2O3 towards CV and R6G
degradation was studied in ten batches, as shown in Fig. 6. Aer
each reaction batch, the catalyst was centrifuged and washed
with DI water and reused aer drying. The catalyst shows
comparable photocatalytic activity up to ten cycles of these
experiments shown into ESI.† Even aer ten cycles, the material
shows good stability (Fig. 6) with good photocatalytic degrada-
tion efficiency via the sufficient production of the cOH radical.

The XRD and FTIR spectra aer the photocatalytic experi-
ments are shown in the ESI (Fig. S5 and S6†), respectively.
Moreover, this stable and recyclable photocatalyst can be used
for sensing, organic transformations, and biological studies.37

5 Conclusions

In a nutshell, nanosized (60 nm) a-Fe2O3 was prepared using
the sol–gel autocombustion method. Powder XRD conrms the
formation of a-Fe2O3. IR spectroscopy gave clear information
about Fe–O–Fe bond formation without any single impurity in
the material. The UV-visible spectrum shows absorbance peck
at 346 nm with a band gap of about 2.3 eV. FESEM and TEM
analysis showed a-Fe2O3 formation with 35–40 nm particle size.
CV and R6G dye degradation in natural sunlight was about 53%
and 17% through a 400 W UV lamp, and then up to 45% and
7%, respectively, and the rate of photocatalytic dye degradation
was found to be 7.84 × 10−3 min−1. A three-fold increase in the
photocatalytic activity was observed with the external air been
provided through a bubbler.

Data availability

Data are available from the corresponding authors on reason-
able request.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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