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Abstract
In this present work, a visible-light-responsive TiO /α-Fe O -heterostructured nanocomposite was fabricated by hydrothermal and
ultrasonication methods. To unravel the physicochemical and optical characteristics, the as-fabricated photocatalysts were
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characterized by PXRD, FT-IR, HRSEM, HRTEM, UV–Vis DRS absorption, and PL analysis, respectively. The optical band gap (E )
of TiO  and TiO /α-Fe O  were found to be 3.21 and 2.72 eV, respectively. The photocatalytic efficiency of TiO /α-Fe O  composite
photocatalyst was evaluated towards the degradation of aqueous methylene blue (MB) dye under visible-light irradiation. The results
showed that the heterostructured α-Fe O /TiO  catalyst exhibits faster and higher removal efficiency of (20 ppm) MB dye (92.7%) than
the other photocatalytic degradation of pristine TiO  (33%) and α-Fe O  (47.3%) within 100 min. The enriched photocatalytic
efficiency is due to the enhanced visible-light response following by interfacial charges transfer between TiO  and α-Fe O  which in
turn allows the formation of a high yield of separated electron–hole (e /h ) pairs and produced of reactive oxygen species. On top of
the enhanced photoactivity, TiO /α-Fe O  showed great stability and recycling ability which may encourage its transfer to real use
towards the purification of wastewater.

1.  Introduction
For better water worldwide supply and environmental remediation, the effective elimination of toxic compounds from wastewaters before
discharging them has become an imperative and a major global concern. Nowadays, with the rapid industrialization of modern society
exclusively in developing countries, organic dyes are widely used in different industrial processing including paper, leather, textile,
pigment, cosmetic, food, and drug manufacturing [ 1, 2, 3 ]. Besides, industrial and sanitary sewage comprises dyes that cause water
contamination as serious health problems, and they are hazardous effects on aquatic organisms, plants, humans, animals, and the aquatic
ecosystem. Various techniques have been adopted from the former few decades to treat dye -containing waters such as advanced oxidation
processes (AOPs), physical adsorption, ozonation, photolysis, and biological decomposition [ 3, 4 ]. Among them, semiconductors (SCs)
heterogeneous photocatalytic AOPs decomposition has been expected to be an effective strategy for used by many researchers because of
its high degradation/mineralization efficiency to remove organic pollutants from wastewater due to the photogenerated reactive oxygen
species (ROSs, e.g., OH), also low toxicity, low cost, and ability to work under ambient settings [ 5 ].

Among various semiconductor photocatalysts (PCs), the well-known Titania (TiO ) has attracted extensive courtesy owed to their
preponderant potential features such as low cost, non-toxicity, high photo-stability, acceptable electronic assets, excellent photochemical
corrosive resistance, strong oxidizing power, and photocatalytic movement [ 6, 7, 8 ]. This is based on the absorption of a photon of
appropriate energy (~ 3.2 eV) and the creation of charge carriers [photo-electrons (e ) and photo-holes (h )] that can produce ROSs for the
oxidation of organic pollutants into CO  and H O. However, the practical application of TiO  catalyst is hindered by the severe
agglomeration of TiO  nanoparticles (NPs) and the quick recombination of the photo-produced (e /h ) pairs [ 9, 10 ]. Moreover, the wide
band gap of TiO  limits its photocatalytic property in the ultraviolet (UV) region, which accounts for 3–5% of the total solar-light
proportion spectrum. Since utilizing the visible light is much more abundant (~ 43%) than UV light in the solar source; hence, its efforts to
synthesize efficient visible-light-responsive TiO -based PCs are highly desired [ 11 ]. Several methods employed for enlightening the
photocatalytic activity, the tremendous efforts are going to develop visible-light-driven (VLD) semiconductor PCs with heterojunction
architecture for the TiO  PCs were coupled with various narrower band-gap SCs, such as CeO , WO , g-C N , MoS , GO, Cu O, Fe O ,
and CdS [ 11, 12, 13, 14, 15, 16 ].

Among diverse metal-oxides (MOs) semiconductor PCs, hematite (α-Fe O ) is a kind of typical n-type SCs that also facilitate the
promising photocatalytic water splitting and water treatment applications. Because of its narrow band gap (~ 2.0–2.2 eV), which exhibits
excellent properties such as non-toxicity, environmentally friendly, natural abundance, superior chemical steadiness, good conductivity,
better visible-light fascination ability, and solid oxidation power [ 17 ]. To resolve this inadequacy, it is an attractive route to organize the
effective PCs by incorporating magnetic α-Fe O , which prevents the agglomeration of other NPs during recovery and deals with the
synergetic enrichment of catalytic activity to some extent by forming a hybrid structure [ 18 ]. Nevertheless, the photo-produced (e /h )
pairs in the valence band (VB) and conduction band (CB) of α-Fe O  are easier to be excited under visible-light exposure [ 19 ]. Besides,
the coupling between α-Fe O  and TiO  NPs forms the most promising nanostructures (NSs) that could support the spatial electron (e )
transfer, preventing the recombination of e /h  pairs and supplying more reaction active sites for widely improve the photocatalytic
performance and recycling uses. Therefore, band bending might occur that the CB edge of α-Fe O  is higher than TiO  when their Fermi
levels are equalized [ 17 ]. As well, α-Fe O  ions particularly adsorb on the negatively charged TiO  NPs by electrostatic dealings. Also,
modifying their band structures via unique properties of α-Fe O  makes a suitable aspirant for coupling with TiO  would progress a new
energy-level mismatch for visible-light photocatalysis. Therefore, α-Fe O  is extensively used as combined for VLD TiO -based PCs by
the hydrothermal-assisted technique with the ultrasonic wave’s supports. Since hydrothermal-assisted precipitation has applied the most
effective route among various techniques to fabricate the effectual NPs and nanocomposites (NCs) samples due to its high purity, simple
preparation, stoichiometry control, and homogeneous distribution of coupling components [ 20 ]. Fortunately, magnetic PCs might be
proficiently separated and reprocessed by applying an external magnetic field [ 21 ].

In the present work, TiO /α-Fe O  heterojunction photocatalyst was synthesized by facile hydrothermal-assisted precipitation followed by
ultrasonic dispersion. Various physicochemical and optical characterizations were recorded on the as-fabricated NCs. The photoactivity of
as-prepared materials was checked towards the oxidation of MB under visible light. Based on the results of materials characterization and
the photoactivity comparison between bare photocatalysts and TiO /α-Fe O  composite, the mechanistic pathways towards MB oxidation
under visible light were suggested.

2.  Experimental
2.1.  Materials	and	reagents
Sodium hydroxide (NaOH) was obtained from Pure Chem Chemical Co., India. Titanium (IV) isopropoxide [TTIP, Ti (OC H )  98.5%]
attained since Alfa Aesar Chemical Co., India. [(FeCl , 6H O), 99%], Polyvinylpyrrolidone [PVP, (C H NO) ) 98%], 2-propanol

g

2 2 2 3 2 2 3

2 3 2

2 2 3

2 2 3
− +

2 2 3

•

2

− +

2 2 2

2
− +

2

2

2 2 3 3 4 2 2 2 3

2 3

2 3
− +

2 3

2 3 2
−

− +

2 3 2

2 3 2

2 3 2

2 3 2

2 2 3

2 2 3

4 9 4

3 2 6 9 n© Springer Nature

http://www.springer.com/


[C H NO , 98%], and Ethanol Absolute (C H O, 96%) were attained from Merck Chemical Co., India. Entire chemicals were used here
in analytical reagent (A.R) grade without auxiliary refinement, and reaction solutions formed with high-purity deionized (D.I.) water.

2.2.  Photocatalysts	synthesis
The pristine TiO  NPs was fabricated by facile sol–gel process. Initially, the typical 5 mL of TTIP was added into 30 mL of 2-propanol
solution. Then, the 0.1 g of PVP mixed with 20 mL of D.I. water was openly added to the solution magnetically stirred for 60 °C at 4 h;
next it was transferred to Teflon-lined autoclave for 140 °C at 8 h. Finally, the harvested TiO  NPs were washed and further dried at 70 °C
overnight, and then crushed gently with mortar to acquire TiO  NPs [ 22 ]. The α-Fe O  NPs was prepared via a precipitation route. In a
typical experiment, 0.1 M FeCl . 6H O and 0.1 g of PVP were dissolved in 100 mL of D.I. water and 50 mL of absolute ethanol solution
composed under continuous vigorous stirring for 1 h at a temperature of 70 °C. Next, the aqueous ammonia solution was slowly added
dropwise into beyond colloidal suspensions to adjust the pH ~ 11 and subsequently aged at 60 °C. After naturally cooling at room
temperature, the resultant dark red precipitates were obtained, which were collected by centrifugation (3000 rpm), rinsed with D.I. water
and ethanol to remove excess chlorine ions from the filtered material [ 23 ]. The obtained wet precipitous was then dried for 10 h at 80 °C
and then calcined in air at 750 °C for 3 h to obtain α-Fe O  NPs.

The TiO /α-Fe O  composite sample was fabricated by facile approach: As-fabricated TiO  and α-Fe O  NPs were dispersed into ethanol
and intensively sonicated for 30 min by probe ultrasonication. The resulting mixed suspension was subjected to furnace calcination at
450 °C for 5 h, hence to attain TiO /α-Fe O  composite in powder form [ 24, 25 ].

2.3.  Characterization
Powder X-ray diffraction (XRD) analysis was passed out to define the crystal structure and phase of the as-fabricated PCs by Rigaku
Miniflex II X-ray diffractometer, which was a Cu Kα radiation (λ = 1.54056 Å). Fourier-transform infrared (FT -IR) spectra were noted on
a Perkin Elmer RX-1 spectrometer via a KBr pellet method in the ranges of 4000–400 cm  for exploring the functional features. To
identify surface morphologies and elemental configuration (weight %), high-resolution scanning electron microscope images, including
energy dispersive X-ray spectra (EDXS), were documented through HRSEM; FEI Quanta FEG 200. The shape and deep microstructure
were advance categorized by high-resolution transmission electron microscopy (HRTEM) analysis consuming a JEOL/JEM 2100,
operated at an accelerating voltage of 200 kV. UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS) analysis attained the optical
absorption spectra on a UV2550; Shimadzu device. The room-temperature photoluminescence (PL) spectral analysis was conceded out
using a Perkin-Elmer-LS 100 by the excitation wavelength series on λ  = ~ 330 nm.

2.4.  Photocatalytic	activity
The photocatalytic activities of as-fabricated catalysts were evaluated towards the photodegradation of MB (20 ppm) in the presence of
50 mg in 100 mL of the cylindrical quartz reflux system. The mixture was stirred in dark for 30 min to realize adsorption–desorption
equilibrium. Then, the visible light (300 W Xe lamp equipped with a cutoff filter of λ > 420 nm) was turned on to initiate the
photocatalytic degradation. Each 20 min, 2 mL of MB solution was taken to remain the concentration by UV–Vis spectra (Perkin Elmer-
Lambda 35) at 664 nm [ 26 ]. The photodecomposition removal efficiency rate % of MB was calculated using the following equation: 

. In addition, the dye elimination kinetics were followed using the equation of linear pseudo-
first-order relation model: . Wherever C  was the absorption found to MB dye in the preferred time intervals, k
stands for the dye removal pseudo-first-order rate constant, C  has the initial absorbance of the MB dye at t = 0 min, and relative time t [
27, 28 ]. The recycling experiments were carried out under the same conditions, after washing and drying the photocatalyst after each use.

3.  Results	and	discussion
Figure 1  illustrates the XRD pattern of as-fabricated pristine TiO , α-Fe O , and TiO /α-Fe O  composite samples. Crystalline planes

consistent with the peaks for TiO  and α-Fe O  are well indexed in Fig. 1 . Numerous characteristic crystalline peaks sensed for pristine
TiO  sample at 2θ = 25.2 , 38.4 , 48.2 , 53.9 , 55.2 , and 62.8  indexed to the (101), (112), (200), (105), (211), and (213) crystalline planes
signifying the presence of only prime TiO  tetragonal anatase crystallization phase (JCPDS file no. 21-1272) [ 18, 29 ]. Conversely, minor
peaks are noticed at around 27.4  owed to the presence of a slight portion of the TiO  rutile phase. On the other hand, main diffraction
peaks at 24.3°, 35.4 , 40.7 , and 54.23° could be consigned to (012), (110), (113), and (116) crystal planes in the best contract (JCPDS file
no. 01-1053) with rhombohedral hematite α-Fe O  phase, relatively. Moreover, the intensity of (101) peak was increased in the TiO /α-
Fe O  composite when compared to bare TiO , while the diffraction planes may overlap the α-Fe O . Accordingly, the XRD outcomes
showed that α-Fe O  NPs was effectively formed on the surface of TiO . No further impurity peaks were detected, suggesting the formation
of pure TiO /α-Fe O  heterojunction composite [ 30 ]. The average crystallite size of as-fabricated pristine TiO , α-Fe O , and TiO /α-
Fe O  catalysts were estimated by the Scherrer Eq. [ 1 ] and the obtained values are 31, 19, and 24 nm, respectively. The crystalline size
has been reduced because the lattice distortion might be caused by ionic radius differences among the TiO  and α-Fe O  NPs [ 31 ].

Fig. 1

Powder XRD pattern of as-obtained samples
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The FT-IR spectra were recorded to check the chemical bonding of the as-prepared photocatalysts. Figure 2  displays the FT-IR spectra for
as-fabricated pristine TiO , α-Fe O , and TiO /α-Fe O  composite. The huge band below 800 cm  (in bare TiO , and also TiO /α-Fe O )
is due to the Ti–O–Ti vibrational modes [ 32 ]. The α-Fe O  spectrum exhibits two peaks at around 460 and 565 cm  which are due to
stretching vibrations of Fe–O [ 31 ]. The peaks at around 1500 cm  are due to C–O and C–C vibrations due to the presence of PVP, which
was added during the synthesis [ 33 ]. The absorption peaks in the region of 2830–2980 cm  agree to CH vibrations (from PVP). The
typical extensive absorptive peak produced at 1632 and 3451 cm  are attributed to OH bending and stretching vibrations that appeared
from the adsorbed water molecules [ 34 ].

Fig. 2

FT-IR spectra of as-obtained samples
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Figure 3 a exhibits the HRSEM image of pristine TiO  NPs, wherein it can be seen that in which TiO  NPs show an irregularly shaped

morphology. In Fig. 3 b, it is observed that the pristine α-Fe O  NPs are composed of a flake-like structures morphology and copious

agglomerated certain dispersed NPs. Also, it is observed in TiO /α-Fe O  catalyst composite (Fig. 3 c) that the flake-like nanostructured α-
Fe O  materials were self-possessed on the surface of TiO  assembly and fairly agglomerated with randomly distributed, which would be
beneficial for augmenting the catalytic activity [ 2, 35 ]. Besides, the EDXS spectrum was used to conclude the elemental weight ratio for

the TiO /α-Fe O  composite sample as shown in Fig. 3 d. The results show (inset Fig. 3 d) that the O, Ti, and Fe elements were 42.11%,

40.15%, and 17.74% (weight %), respectively. The EDXS element mapping images (Fig. 4 a–d) of TiO /α-Fe O  composite for auxiliary

confirm the spatial distribution and the pinpointed/isolated spots of the O, Fe, and Ti elements [ 5, 36 ].

Fig. 3

HRSEM images of as-fabricated a pristine TiO  b α-Fe O  c TiO /α-Fe O  composite and d consistent EDXS spectrum of TiO /α-Fe O
composite

Fig. 4

EDX elemental distribution mapping of TiO /α-Fe O  composite; Pictures of a overall, b Ti, c Fe, and d O elements
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HRTEM images demonstrated that α-Fe O  NPs were uniformly distributed on the surface of TiO , as shown in Fig. 5 a–f. In addition, the
characteristic HRTEM images further disclosed that the composite maintains flake-like structure with homogenous crumpled nanosheets [
37 ]. The lattice fringes of as-prepared heterostructured TiO /α-Fe O  composite typically exposed to the (101) facets of TiO  and (012)

crystallographic planes of α-Fe O  are discrete through measured the fringe spacing of 0.31 nm as presented in Fig. 5 e, f. Hence, the

characteristic lattice lines for the selected area electron diffraction (SAED) pattern reveal the highly polycrystalline nature [ 6 ] of the

obtained composite in Fig. 5 d. Also, Fig. 5 d confirms that the fruitful incorporation of both identical TiO  into α-Fe O  composite could
be probable for the electrostatic interface among negatively charged TiO  and positively charged α-Fe O  NPs augmenting the charge
carriers separation also notable for enlightened photocatalytic enrichment of TiO /α-Fe O  catalyst [ 38 ].

Fig. 5

Typical HRTEM images of as-fabricated TiO /α-Fe O  heterostructure composite

XPS study was employed to examine the chemical/oxidation states and surface compositions of the as-obtained TiO /α-Fe O
heterostructure. As exposed in Fig. 6 a–e, the α-Fe O /TiO  sample was composed of vital survey spectra, C 1 s, Ti 2p, O 1 s, and Fe 2p

elemental core spectra, respectively. The high-resolution C1s XPS spectra (Fig. 6 b) is deconvoluted into three typical peaks that are 284.5,
285.2, and 288.9 eV. Also, the C 1 s spectra peak was ascribed to the adventitious hydro-carbon from the XPS instrument and/or PVP
polymer-based carbon components. These active peaks could be related to C–O, C–C, and C–O=O, respectively. The typical strong peak of
high-resolution Ti 2p XPS spectra (Fig. 6 c) was detected at 458.5 eV and 464.2 eV, which are agreed to the binding energies of Ti 2p
and Ti 2p  spin-orbiting splitting peaks, respectively. However, these binding energies were allotted to the Ti  form of TiO  NPs. AQ1

Although the three fitting peaks of high-resolution XPS O 1 s spectra of three peaks (Fig. 6 d) are at 529.8 eV, 532.2 eV, and 533.1 eV,
agreeing to the lattice oxygen, chemisorbed oxygen, and surface hydroxyl oxygen with metal-oxide linkages of Ti  and α-Fe O /TiO
NPs, respectively. Figure 6 e displays that the binding energies of Fe 2p  and Fe 2p  were situated at 711.4 eV and 722.6 eV,
respectively; moreover, these peaks were ascribed to surface existed Fe offered in the Fe  formation of α-Fe O  phase. The shake-up
satellite peak was noticed at about 719.5 eV in the Fe 2p elemental spectra. These outcomes are in good contract with the observed powder
XRD result. Hence, these high-resolution XPS spectra outcomes have further established that the α-Fe O /TiO  heterostructured composite
PCs were produced effectively.

Fig. 6

The high-resolution XPS a survey spectra of the TiO /α-Fe O  composite b C 1 s spectrum, c Ti 2p spectrum, d O 1 s spectrum and e Fe 2p
spectrum respectively
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To check the visible-light response of as-prepared photocatalysts, UV–Vis DRS analysis was carried and the spectra are shown in Fig. 7 A.
It could be seen that the UV–Vis absorption edge of pristine TiO  NPs is about ~ 325 nm in the spectra, whereas endorsed to the electronic
transition of O  to Ti  [ 39 ], while pristine α-Fe O  NPs exhibits a wide visible-light absorption up to ~ 590 nm. Compared to bare TiO ,

the TiO /α-Fe O  spectrum shows a strong redshift, allowing to better use the UV and visible light for the photocatalytic oxidation (Fig. 7
A). The charge transfer by the direct transition from O2p to Fe  (3d) results in enhanced visible-light response to the elongated
wavelength from the indirect transition among Fe  (3d) electrons (e ) [ 29, 40 ]. AQ2 AQ3

Fig. 7

A UV–Vis DRS spectra of as-prepared photocatalysts B relative Tauc plot of as-fabricated (a) pristine TiO , (b) α-Fe O , and (c) TiO /α-Fe O
NMs

Figure 7 B illustrates the Tauc plots of (αhν)  versus photon energy (hν) for the optical band-gap energies of as-attained catalysts, which

intended founded on the optical absorption edge attained from UV–Vis DRS spectra using Kubelka-Munk Eqn: 
wherever, A, E , α, h, and ν are the relatively constant, band-gap energy, absorption coefficient, Planck’s constant, and incident light
frequency, and where, n = ½, and 2 for direct and indirect band gap consistently [ 35 ]. These results show that the intercepts of band-gap
energies of pristine TiO , α-Fe O , and TiO /α-Fe O  PCs are estimated to be 3.21, 2.11, and 2.72 eV, respectively. Decreased TiO /α-
Fe O  is the main factor for enhanced photoactivity under visible light, which encourage the use of solar light in real conditions [ 41 ]. The
photoactivity under visible light could be due to two main mechanisms: α-Fe O  can play the role of visible-light-responsive photocatalyst
and also photosensitizer for TiO , wherein, the photoexcited carriers can be transferred to TiO ; (ii) Fe  species could be inserted in TiO
lattice and forms novel mi-gap allowing the excitation of TiO  with visible light [ 42 ]. Based on the UV–Vis DRS results, the as-fabricated
TiO /α-Fe O  PCs was narrowed optical band gap and high visible-light utilization ability, thus, the photocatalytic enhancing performance
for decomposing organic impurities [ 1 ].

PL emission spectra were carried out to explore the efficiency of photo-produced (e /h ) pairs, transfer, separation, trapping, immigration,
and to understand the rate of charge-carrier recombination in the specified semiconductor PCs one of the essential factors affecting the
photocatalytic properties. Figure 8 A shows the PL spectra of as-prepared heterostructured PCs, wherein the emission intensity peaks of the
as-fabricated pristine TiO , α-Fe O , and TiO /α-Fe O  photocatalysts were at 461, 447, and 459 nm, respectively. The PL emission peak
of TiO  was upper than that of TiO /α-Fe O  composite, which designated that occurrence of α-Fe O  reduced the (e /h ) recombination
rate [ 43 ]. In contrast, novel configurations of the heterostructure among α-Fe O  and TiO  NMs decline the PL emission intensity of the
near-band edge emission (NBE) and might be owed to the intrinsic/extrinsic luminescence defects related to NBE. The Fe / Fe O  ions
could be integrated into the TiO  lattice either by substituting Fe  ions fashioning especially ionized oxygen vacancies (V ) or as
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interstitial of Fe . So the lesser PL emission intensity of the TiO /α-Fe O  PCs has significance in charge separation that specifies the
effectively restrained recombination rate primary to admirable light-harvesting capability; hence, the photocatalytic efficacy was
heightened [ 30 ].

Fig. 8

A Room-temperature PL spectra, λ  ~ 330 nm; and B photocatalytic degradation of MB over the TiO /α-Fe O  composite catalyst under
visible-light exposure

3.1. Photocatalytic	activity
The photocatalytic activities of as-prepared photocatalysts were comparatively evaluated towards the oxidation of MB under visible light.
Figure 8 B shows the decrease of MB absorbance during photocatalytic oxidation using TiO /α-Fe O  within 100 min. Also, the results
showed that the self-degradation of MB aqueous solution without photocatalyst (blank), and the dark adsorption of MB on the surface of
the photocatalysts were negligible. The MB photodegradation efficacy over TiO  and α-Fe O  was only 33 and 47. %, respectively.
Moreover, the TiO /α-Fe O  heterostructured composite catalyst shows the highest photocatalytic activity (92.7%) within 100 min under
visible-light irradiation. Figure 9 A demonstrates the consistent concentration changes of the MB aqueous dye solution and the response

rate (k) as a function of visible-light exposure time [ 38, 40 ]. The photodegradation performance of the blank test for the as-obtained

photocatalyst samples towards the MB aqueous dye solution was calculated under similar conditions as shown in Fig. 9 A. For the blank

tests (without any photocatalyst), which only a little change with the extension of light exposure [ 44 ], signifying that the photolysis of
MB aqueous dye molecules is very weak. However, the photodegradation behaviors of MB dye without the light exposure leading of PCs
was also tested for comparison [ 45 ].

Fig. 9

A Photodegradation efficiency of MB dye. B First-order kinetic fitting plots − ln (C /C ) versus reaction time t for the as-obtained different
PCs

Figure 9 B shows that the photocatalytic oxidation of MB over different photocatalysts follows pseudo-first-order kinetics. The reaction
rate constants (k) for were found to be 0.0071 min , 0.0109 min , and 0.0252 min  for TiO , α-Fe O , and TiO /α-Fe O  PCs,
respectively. It was found that TiO /α-Fe O  exhibits a better photocatalytic performance of 3.54 and 2.31 times greater than those of bare
TiO  and α-Fe O  under the same conditions, respectively. Besides photocatalytic efficacy, the stability of the specified photocatalyst is
also essential for practical use for the handling of organic pollutants in wastewaters [ 46 ]. TiO /α-Fe O  was reused five successive times
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under the same conditions, and after the results are shown in Fig. 10 A. It can be seen that TiO /α-Fe O  showed good recycling
effectiveness five times without notable loss in the photocatalytic efficiency, suggesting good stability. However, the slight decrease after
the fifth use (80.6%) might be due to the loss of TiO /α-Fe O  catalyst during recycling. The crystalline structure and their functional
groups were characterized by XRD and FT-IR to check the stability of the photocatalyst after recycling [ 40 ]. It can be seen that TiO /α-

Fe O  PCs have almost no obvious structural changes after the photocatalytic recycles investigations (Fig. 11 A, B) which suggests good
stability. In contrast, it is important to point out, with the previous recent reported literature of various NCs for photodegradation of
organic impurities, TiO /α-Fe O  composite PCs have displayed superb removal efficacy for MB dye, as tabularized in Table 1 .

Fig. 10

A Recycling stability of energetic TiO /α-Fe O  PCs and B photodegradation of MB aqueous dye over TiO /α-Fe O  composite catalyst in
the existence of ROSs scavengers

Fig. 11

A XRD pattern and B FT-IR spectra of TiO /α-Fe O  composite catalyst before (a) and after (b) recycling

Table 1

Comparison of VLD photocatalytic degradation of MB dye (%) over previous reported photocatalytic NMs

Photocatalyst/L MB dye concentration Irradiation time (min.) Degradation efficiency (%) Ref.

Ga-Ag/ZnO 10 mg 6 mg/L 300 ~ 39 [ 47 ]

P25 TiO 2 mg 20 mg/L 300 ~ 48 [ 48 ]

CNTs/TiO /Ag 20 mg 5 mg/L 240 ~ 48 [ 2 ]

ZnO/SnO 10 mg 3 mg/L 240 ~ 90 [ 49 ]

TiO /CeO 100 mg 40 mg/L 150 ~ 95 [ 46 ]

CdS/TiO 50 mg 15 mg/L 180 ~ 63 [ 26 ]

Fe O /Cu O 30 mg 10 mg/L 80 ~ 40 [ 50 ]
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Photocatalyst/L MB dye concentration Irradiation time (min.) Degradation efficiency (%) Ref.

TiO /α-Fe O 50 mg 20 mg/L 100 ~ 92.7 This work

The scavenging agents for different reactive oxygen species were used to prove the photocatalytic radical oxidation ability of TiO /α-
Fe O  (Fig. 10 B). Three quenching agents such as 0.5 mM of isopropanol (IPA), disodium ethylene diamine-tetra acetate (EDTA-2Na),

and benzoquinone (BQ) are to trap hydroxyl radicals ( OH), holes (h ) and superoxide anion radicals ( O −), respectively [ 43 ]. As shown

in Fig. 10 B, the decomposition rate of PCs slightly decreased while the addition of BQ and EDTA-2Na shows that the h  and O −

species are not major responsive species on the photocatalytic system [ 51 ]. Nevertheless, the addition of IPA results in strong inhibition
of the photocatalytic oxidation of MB wherein the oxidation rate declined from 92.7 to 16%. This result indicates the main role of OH
radicals produced by TiO /α-Fe O  under visible light towards the oxidation of MB dye.

Based on the obtained results, it is noticeable that the generation of separated (e -h ) in the TiO /α-Fe O  system could lead to enhanced
radical oxidation under visible light [ 30 ]. The VB and CB edge potential position could be gathered according to the Mulliken
electronegativity theory for the following equation:  and  wherein χ signifies the absolute
Mulliken electronegativity of given SCs (χ-TiO  = 5.81 eV, and χ α-Fe O  = 5.88 eV) [ 52 ]. Moreover, the E , E , E , and E  were
energy band gap of specified SCs by UV-DRS spectra (E  of TiO  = 3.21 eV; E  of α-Fe O  = 2.11 eV), the energy of free electrons on the
hydrogen scale (ca. 4.5 eV), VB edge potential, and CB edge potential individually [ 53 ]. Agreeing to the above equations, the energy-
level diagram is based upon the E  and E  values that were estimated to be of TiO  (E  = 2.915, E  = − 0.295) and it is favorable
than α-Fe O  (E  = 2.48, E  = 0.28).

Based on the above results and discussion, the photo-produced charge separation and transfer of the TiO /α-Fe O  heterostructure catalyst
for the improved plausible photocatalytic action in visible-light preservation could be anticipated as shown in Fig. 12 . Under the visible-
light illumination (λ > 420 nm), both the catalysts are excited by energetic photons while producing the more electron–hole (e -h ) pairs,
which are then separated and stimulated to diverse ways under the reaction energy [ 35 ]. In detail, the photo-electrons (e ) of TiO  will
transfer to the CB of α-Fe O , meanwhile, the photo-holes (h ) of α-Fe O  will transport to the VB of TiO  (Ti 3d) under the exploit of a
built-in electric field. However, under the energetic reaction, the photo-electrons (e ) of α-Fe O  and the photo-holes (h ) of TiO  would
exchange to both other and then concluding the consequence of (e -h ) recombination. In photocatalytic system, the photo-electrons (e )
prompt to the reduction of Fe  ions to Fe  ions [ 50 ]. When α-Fe O  NPs were united with TiO  NPs, the Fermi levels of TiO  and α-
Fe O  necessity align in symmetry owing to the occurrence of the TiO /α-Fe O  heterojunction [ 29 ]. The authority of TiO /α-Fe O  NSs
also profits from the pairing by narrow band-gap semiconductor α-Fe O . Thus, the (e /h ) recombination progression is greatly
suppressed, and efficient (e /h ) separation is realized on the composite surface [ 48 ]. In this case, the presence of TiO /α-Fe O -fitted
heterostructures, the conversion of the photo-electrons (e ) and the photo-holes (h ) would primarily go through the hybrid layer simply
owed the firm migration rate position which also stimulates the outstanding charge separation movement. Concurrently, the samples of
TiO  and α-Fe O  PCs will initiate redox reactions in the medium to produce different ROSs for the oxidation of organic pollutants. Also,
the photo-electrons (e ) in the CB was auxiliary respond with molecular oxygen O  dissolved in the solution to form the superoxide anion
(O ) and hydrogen peroxide (H O ). Positive holes in the VB are able to generate OH from the oxidation of OH or H O.
Consecutively, the photodegradation of MB dye could be achieved via the direct oxidation by positive holes or via the photo-produced
ROSs oxidation [ 36 ] as shown in Fig. 12 . The decrease of the recombination rate also due to the separation of photo-produced charges

at the interface of TiO /α-Fe O  could be one of the reasons behind the enhanced photoactivity in [ 54, 55 ].

Fig. 12

Schematic diagram for the photocatalytic mechanisms of MB dye over the surface of TiO /α-Fe O  heterostructure composite under visible-
light irradiation

2 2 3

2

2 3
• + •

2
+ •

2

• −

2 2 3

− +
2 2 3

=  χ −   +  0.5 EVB Ee Eg =   −   ,ECB EVB Eg

2 2 3 g e VB CB

g 2 g 2 3

VB CB 2 VB CB

2 3 VB CB

2 2 3

− +

−
2

2 3
+

2 3 2
−

2 3
+

2
− + −

3+ 2+
2 3 2 2

2 3 2 2 3 2 2 3

2 3
− +

− +
2 2 3

− +

2 2 3
−

2

2
•−

2 2
• −

2

2 2 3

2 2 3

Please change the fig. 12 as per the
attachments

© Springer Nature

http://www.springer.com/


4.  Conclusions
In summary, a visible-light-responsive TiO /α-Fe O  was fabricated via the combination of TiO  (synthesized by hydrothermal route) and
α-Fe O  (obtained via precipitation). The powder XRD diffraction pattern peaks of TiO  and α-Fe O  NPs well accorded with the
tetragonal (anatase) and rhombohedral phases obtained. The narrow band gap of α-Fe O  was engaged to outspread the optical response of
TiO  to the visible-light region. AQ4  Although, the TiO /α-Fe O  sample has revealed the for premier photocatalytic action of the organic
MB aqueous dye among the bare as-fabricated TiO  and α-Fe O  PCs in the under visible-light region. TiO /α-Fe O  also exhibits an
adequate superior cyclic stability wherein the decomposition efficiency was found to be 80.6% at the fifth recycling run. It is claimed that
the well-suited interface fashioned heterojunction structures between TiO  and α-Fe O  are the reason behind the enhanced
photogeneration and separation of e -h  charges, restraining the recombination rate, which boosts the generation of ROSs. To conclude, a
promising photocatalytic mechanism was suggested to describe the photocatalytic oxidation of MB over TiO /α-Fe O  under visible light.
TiO /α-Fe O  showed great potential for the photocatalytic oxidation of organic pollutants in water. AQ5 AQ6
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