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A B S T R A C T

Engineering of highly efficient nanomaterials with visible-light photocatalytic activity that are easily separable
and recoverable from treated water is the ultimate goal in the ongoing research in the field of photocatalysis. On
the other hand, photoelectrochemical (PEC) water splitting is one of the most promising technologies for hy-
drogen production using solar light with the aim to build sustainable, renewable and green energy. Hematite (α-
Fe2O3) is a promising material that offers both enhanced photocatalytic activity and PEC activity due to its
electronic band structure, high chemical stability, great abundance, and low cost. Despite these promising
properties, the application of this system is limited due to its very fast electron-hole recombination rate and low
carrier mobility. Here we report the design and synthesis of a newly envisioned nanohybrid based on Fe2O3 and
phthalocyanine. The nanohybrid is an essential component to reduce the charge carrier recombination rate of
the system. As a result of it, the nanohybrid shows higher photocatalytic activity and acts as a better photoanode
material for photoelectrochemical water splitting. The formation of the nanohybrid is established using a pi-
cosecond resolved optical technique as well as by Raman Spectroscopy. Ab-initio study on the similar modeled
system has been performed to investigate the insight of various physical properties. Electron microscopy reveals
a distinct change of morphology in the nanohybrid compared to pristine one. While the photocatalytic activity of
the nanohybrid increased 1.5 times with respect to the pristine system, the Photoelectrochemical activity almost
doubles in the hybrid system. For real-world applications, our developed nanohybrid has been deposited on an
extended surface of a stainless-steel metal mesh (size 2 cm×2 cm, pore size 150 μm × 200 μm). Such a pro-
totype active filter containing an immobilized photocatalyst shows significant chemical filtration of MB (by a
degradation process) along with a physical filtration by separating the suspended particulates from the water.
DFT+U calculation results show there is a possibility of higher charge separation from PC to Fe2O3, which is the
reason for the higher activity in the hybrid systems.

1. Introduction

The increasing population density and industrialization is often the
origin of hazardous wastes and toxic pollutants without proper waste
management. These toxic wastes discharged from various industries
(like coal, paper, textile, etc.) oftentimes enter directly into the various
water sources (river, pond, groundwater, etc.) leading to severe water
pollution [1]. Several approaches have been utilized to minimize the

pollutants from the contaminated water. Photocatalysis, which refers to
the acceleration of a chemical reaction via a catalyst in the presence of
solar light, is one of the most effective techniques to remove pollutants
from wastewater [2–6]. Photocatalysts can be classified into two types;
among them, the demands of heterogeneous photocatalysts are in-
creasing intensely with time [6,7]. Over the last decades, lots of pho-
tocatalysts have been explored with respect to enhanced photo-activity,
photoinduced charge separation, economy, non-toxicity and stability to
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photocorrosion. In recent years, semiconductor photocatalysts have
gained a lot of attention because of their accordance with most of the
above-mentioned criteria [2,8–10]. TiO2 and ZnO are mostly used as
photocatalyst, despite having the drawbacks of only harvesting UV light
which is only ∼4% of the full solar spectrum. Thus, a semiconductor
having a smaller bandgap, within the visible range of the solar spec-
trum, is highly desirable for a more efficient photocatalysis process. In
recent years, the search for magnetic photocatalysts has advanced to
obtain its efficient separation from the purified water after applying an
external magnetic field [11–15], replacing a tedious centrifugation
process to separate the catalyst particles from the solution [16]. A
common separation technique like centrifugation or filtration also has
the drawback of particle size dependence. Moreover, the loss during the
time of separation is also higher [16]. So the search of a magnetic
semiconductor with photocatalytic activity having a higher charge se-
paration and higher activity is still underway. The main objective of the
present work is to develop a magnetic nanohybrid (NH) system with an
enhanced photocatalytic activity and easier after-treatment separation
process.

Higher population density also demands higher energy uses and
continuous depletion of fossil-fuels. Conversion of solar energy into
usable fuels by generation of solar hydrogen via water splitting has
received substantial attention for the past few decades [17]. Since the
discovery of the water splitting process to generate H2 and O2 through a
photoelectrochemical (PEC) cell by Fujishima and Honda, the research
has been focused on to improve the efficiency of the process using
various semiconductor based hybrid materials [17–20]. One of most
important criteria to construct photoelectrochemical cell (PEC) is to
design efficient but low cost material based cell. However, a low cost
material, efficient in both photocatalysis and solar hydrogen generation
using photoelectrochemical water splitting, is still rare.

Hematite (α-Fe2O3) is a well-known stable iron oxide and one of the
most common compounds in the earth’s crust. According to the report
of the US Geological Survey, almost 800 billion tons of iron ore re-
sources are present in the earth’s crust [21]. Hematite is the most
common material among iron-containing variants present in the earth,
making it very easily available, at a very low price (∼$0.1/kg). In
addition, it is a stable, non-toxic, environment-friendly compound
which acts as an n-type semiconductor at ambient conditions [22–24].
So far, applications include gas sensors, Li-ion batteries, drug delivery
agents, contrast agents for magnetic resonance imaging, pigments etc.
[23,25–28]. In addition, α-Fe2O3 is very much stable under light irra-
diation and has a bandgap of 2.0–2.2 eV, in the visible region of the
solar spectrum, which allows the system to absorb significant amount of
visible light (almost ∼40%) from solar spectrum [22,24,29,30], ren-
dering it to be a promising candidate in the field of the visible light-
driven photocatalysis. However, the performance of α-Fe2O3 is not
adequate because of its intrinsic short hole diffusion length (2–4 nm)
[31], short exciton lifetime (∼10-12 μs) and low efficiency [31–33].
Due to these reasons, the photogenerated electron-hole pairs of α-Fe2O3

recombine very easily. Lots of effort has been devoted to overcome this
difficulty. To facilitate the electron-hole separation of Fe2O3, various
types of micro and nanostructures have been fabricated including na-
norods, cubes, sheets, flowers, etc. [22,34,35]. Another common tech-
nique to facilitate the electron-hole separation of a semiconductor is to
make heterostructure with other semiconductor or organic ligands, or
by preparing of core-shell nanohybrids [32,36]. In a recent work, Xiao
et al. reported that, Au/Fe2O3 films demonstrated almost three times
higher light absorption and photocurrent responses compared with
pristine Fe2O3 film [37].

Phthalocyanine (PC) is a commonly known dye with an extensive
delocalized π–electron [38]. PC has a very strong absorption band in
the visible near-infrared regime, which makes it a potential candidate
for light harvesting [39]. It is used as a sensitizer of semiconductors to
enhance the light-harvesting window of the semiconductor system [40].
To become a good light harvester, essentially the dye has to be stable

and regenerative and it must sustain the oxidative stress on the semi-
conductor surface. PC is one of the most stable organic pigments due to
extensive structural resonance stabilization [41]. Many people have
reported that the photovoltaic and photocatalytic activity of semi-
conductors has been increased upon sensitization with PC [42–44].
Gharagozlou et al. reported that the sensitization of metal-free PC can
change the electronic structure of ZnO-PC NH via modulating the re-
combination rate of the free exciton [38]. Thus, a surface modification
or sensitization via PC can improve various properties of NP.

Surfaces play a significant role in the photocatalytic activity because
photocatalytic reactions predominantly occur at surfaces of the oxide
photocatalysts [30,45]. A modification of the surface of the NP can alter
the electron or hole-induced reaction paths which can enhance various
different activities of the combined system [20,46,47]. Organic ligands
are frequently used as a potential surface modifier of oxide-based
semiconductor [38,43,48]. Additionally, the improved charge separa-
tion mechanism in the NH often leads to enhanced photocatalytic
performances [43,49,50]. Our group has reported that surface mod-
ification of ZnO NP can enhance many different behaviors including
photocatalytic activity [49,51]. In our present work, we have synthe-
sized Fe2O3 nanoparticles via a hydrothermal route. The surface of the
Fe2O3 NP has been modified using the organic dye phthalocyanine. This
surface modification results in a higher photocurrent activity as well as
enhanced photocatalytic activity.

Most of the reported photocatalysis studies till date are based on
mobile-type, where photocatalysts are suspended in the aqueous
medium. Although it is very easy to use such a mobile photocatalyst for
photocatalysis process, one can encounter several problems from
practical point of view such as a) a difficulty to separate the photo-
catalyst after the process, b) a certain amount of power is required for
mixing whereas immobilized photocatalysts do not have this problem,
c) a limited light penetration with high loading of catalyst [52,53].
Moreover, the immobilized catalyst can easily be recycled without any
additional effort, and it can be used in a flow device type reactor
[53,54]. Several attempts have been performed to immobilize the
photocatalysts on various substrate materials (such as glass, cellulose
fibers, stainless steel mesh, etc.) [54]. Among them, the stainless steel
meshes (SSMs) have several advantages. First of all, they come with
admirable mechanical flexibility so that can be used in different shapes.
Secondly, they are durable also at high temperatures and remain un-
affected by annealing and finally they have a large surface area, good
mechanical strength, flexibility, and high corrosion resistance [54–56].
Following the reaction, the recovery process of the nanocatalyst is ra-
ther simple; a single washing step can remove the pollutants from the
photocatalysts. Even, SSMs can also be used for the electrochemical
process. Because of these advantages, SSMs have been widely used as
substrates of immobile photocatalysts.

Although many experimental works have been carried out to un-
derstand the charge transfer mechanism of oxide based NH, very little
theoretical modeling has been done in this direction. Moreover, there
are some difficulties to calculate the electronic structure of the transi-
tion metal oxide based system due to the strongly correlated electrons.
To overcome this problem we have used GGA+U (Hubbard U method)
method. The present work examines electronic and magnetic properties
of the α-Fe2O3-PC NH using first principles DFT+U calculations. The
theoretically calculated enhanced magnetic and charge delocalization
properties of the NH system are in good agreement with the experi-
mental results.

In the present work, we have synthesized Fe2O3 nanoparticles via
hydrothermal route. Highly crystalline NPs have been characterized by
XRD, FESEM, and TEM. In a next step, the as-synthesized Fe2O3 NPs
have been sensitized by metal-free PC. The formation of NHs has been
confirmed via Raman spectroscopy and time-resolved single photon
counting. The magnetic properties of the systems were investigated
using a SQUID magnetometer. An increment in magnetic property in
the NH system is experimentally observed which is duly verified by
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computational study. The photocurrent of the NH has been measured
using linear sweep voltammograms (LSV) and chronoamperometric
measurements. An enhanced photocurrent has been observed in NH
system compared to pristine system. Visible light-induced enhanced
photocatalytic activity of the NH was monitored by methylene blue dye
degradation. Furthermore, the NHs have been anchored on the surface
of an SSM and the activity of the immobile catalysts has been measured.
The reason of the enhanced activity has been rationalized by first
principles DFT calculations. To the best of our knowledge, no studies
have been done with the surface modification of Fe2O3 NP using PC to
improve the visible light photocatalytic and photoelectrochemical
water splitting simultaneously. Our newly prepared nanohybrid is a
magnetic photocatalyst having higher charge separation and photo-
catalytic ability. The NP has been embedded in an SSM for practical
application and its photocatalytic activity has been investigated. We
believe this developed strategy will be beneficial for application in the
real-world water purification process.

2. Experimental section

2.1. Reagent

Anhydrous FeCl3, Phthalocyanine and sodium hydroxide (NaOH)
and Dimethyl Sulfoxide (DMSO) were obtained from Sigma Aldrich.
Ethylene glycol was obtained from Merck. Ultrapure water (Millipore
System, 18.2MΩ cm) and DMSO were used as solvent. All chemicals
used in this study were of analytical grade and used as received without
further purification.

2.2. Synthesis of Fe2O3 nanoparticles

Fe2O3 NPs were prepared following a method described previously
[27]. Typically 203mg FeCl3 was dissolved in 5ml ethylene glycol by
vigorous stirring. After 30min of stirring 15ml 0.25M NaOH was
added drop-wise to the solution. Then the solution is vigorously mixed
for 2 h, after which the brown coloured precipitation was transferred
into a Teflon lined stainless-steel autoclave. The sealed device is kept at
a constant temperature of 150 °C for 18 h. Under the solvothermal
conditions, the complete nucleation process takes place.

2.3. Synthesis of Fe2O3-PC nanohybrids

The NHs were prepared using a mechanical attachment process.
30 mg Fe2O3 NPs were taken in 30ml DMSO. The pH value of the
system is slightly adjusted to basic by adding two drops of 0.25M
NaOH. Then 0.2mM PC solution was added and mixed at room tem-
perature and shaken for 24 h to obtain PC attached Fe2O3 nanohybrid.
The system is then washed several times using Millipore water to re-
move unattached PC. It is then dried and dispersed in water for further
characterization and studies.

2.4. Growth of Fe2O3 nanoparticles on a stainless steel mesh

The stainless steel mesh has been cleaned using double distilled
water and acetone several times before use. A 5 cm×5 cm piece of
mesh has been taken into the Teflon lined stainless-steel autoclave. The
brown coloured precipitation prepared for Fe2O3 synthesis has been
poured into the autoclave. The sealed device is kept fixed at a constant
150 °C temperature for 36 h. Under this condition, the growth process
takes place on the surface of the mesh.

2.5. Photocatalytic measurements

The photocatalytic measurements of the systems have been carried
out using photocatalytic degradation of Methylene Blue (MB) at am-
bient temperature. The sample was taken in a quartz cuvette (1 mg in

2ml aqueous medium) and MB was added to it to get an absorption
peak height of 0.6 a.u. The total suspension was then exposed to a
visible light source (λ>400 nm at intensity of 600 lx) source and ab-
sorbance data were collected at 10-minute irradiation intervals. The
percentage degradation (%DE) of MB was determined using the fol-
lowing equation

=
−

×DE I I t
I

% ( ) 1000

0 (1)

For photocatalysis using stainless steel mesh (SSM), a 1 cm×1 cm
mesh has been taken for the experiment. At first, NP has been decorated
on the mesh using the method described above. The NP attached mesh
is placed into a beaker containing 5ml of water. The whole system is
exposed to light for 4 h. Data has been collected at a 20-minute interval.

2.6. Preparation of electrode and photocurrent measurements

2.6.1. Electrode preparation
100mg of Fe2O3 NPs were suspended in 5ml ethylene glycol and

400 μl of the mixture was drop-cast on FTO coated rectangular size
glass plate of dimension 1.5 × 1.5 cm2. The NP coated thin films were
annealed in air at ∼350 °C for 6 h with a ramping rate of 1 °C per
minute.

2.6.2. Linear sweep voltammetry (LSV)
The NP or NH containing thin films were used as a working elec-

trode with a 0.27 cm2 geometric area exposed to the electrolyte solution
under light irradiation. The experiments were performed in a conven-
tional three-electrode cell using Ag/AgCl (3.5M KCl) as a reference
electrode, Pt-foil as counter electrode and the NH or NP coated film as
the working electrode. The photo-electrochemical measurement was
executed in 0.1M Na2SO3 with 0.1M Na2SO4 solution for SO3

2− (sa-
crificial) oxidation reaction within the potential range from 0.1 to 0.6 V
using a CHI 650E potentiostat (CH Instrument, Austin, TX) at a scan
rate 10mV/S. Water oxidation reaction was carried out in 0.1M
Na2SO4 solution in presence of pH 7 PBS using similar experimental set
up within the range from 0.0 to 1.0 V. A 300W Xe-lamp source
(Excelitas USA) with 100mW/cm2 illumination was maintained as the
light source for the photo-electrochemical measurements.

2.6.3. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopic measurements were per-

formed using a similar experimental setup, using 0.1M Na2SO4 (in pH 7
PBS) solution employing Autolab 302 N PG-stat with frequency re-
sponse analyzer (FRA). Nyquist plot, variation of real and imaginary
parts of the impedance at different frequencies within the range of
100 kHz to 20mHz was obtained under UV–vis illumination at an ap-
plied potential of 0.8 V.

2.6.4. Chronoamperometry
The stability of the nanohybrid undergoing water oxidation reaction

was examined through chronoamperometry using the same reaction
condition under constant illumination 100W/cm2 at an applied po-
tential of 0.8 V for 30min.

2.7. Characterization

The X-ray diffraction (XRD) of the sample was carried out to con-
firm the phase of the synthesized sample by employing a scanning rate
of 0.021 s−1 in the 2θ range from 20° to 80° using a PANalytical
XPERTPRO diffractometer equipped with CuKα radiation (at 40mA
and 40 kV). The surface morphology of the NPs was confirmed using
Field emission scanning electron microscopy (FESEM, QUANTA FEG
250) investigations and Transmission Electron Microscopy (TEM, FEI
Technai S-Twin). TEM grids were prepared by applying a drop of di-
luted sample solution to carbon-coated copper grids. The particle sizes
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were determined from micrographs recorded at a magnification of
105× at 200 kV operating voltage. Optical absorption and emission
measurements were carried out with a Shimadzu UV-2600 spectro-
photometer and a Jobin Yvon Fluorolog respectively. Time-resolved
fluorescence spectroscopy was carried out following the methodology
described in our earlier work [57,58]. Magnetic properties were mea-
sured in a SQUID magnetometer with a field range of 0 to 1.6 T. Raman
Spectroscopic experiments were performed with a Nd:YAG laser
(λ=532 nm, P=20 μW) focused onto a 5 μm spot on the sample and
recorded through a Horiba LabRAM HR800 spectrometer with a Dilor
CCD-One 3000 V CCD Detector.

3. Computational methods

All the calculations implemented in the present work are based on
spin-polarized density functional theory (DFT) calculation using the
Vienna ab initio simulation package (VASP) software [59]. For DFT
calculations, generalized gradient approximation (GGA) with Per-
dew–Burke–Ernzerhoff (PBE) exchange correlation functional and
projector augmented wave (PAW) potentials were used. A plane wave
basis with an energy cutoff of 500 eV is used and the energy con-
vergence criterion was set to 10−5 eV. Fe 3p, 3d and 4s, O 2s and 2p, S
3s and 3p states, N 2p states, C 2p states and H 1s states are treated as
valence states. In order to calculate the effect of the on-site coulomb
repulsion of Fe-3d electrons more preciously, the exchange-correlation
energy is treated by the GGA+U approach used by Dudarev formalism
[60] with an effective U value 5 eV [U=5.5 eV and J=0.5 eV] applied
for Fe-3d states. All control and hybrid systems are positioned in a
rectangular box of dimension 30×30×30 Å3, with sufficient vacuum
in each direction to avoid the influence from periodic replication. Due
to very large volume of the simulation cell for these cluster systems,
single k-point (Γ-point) calculations are performed with ionic optimi-
zation under conjugate gradient algorithm until the Hellmann–Feyn-
mann force on each ion is less than 0.01 eV/Å. van der Waals correc-
tions are included in this simulation process using the Grimme DFT-D2
formalism [61].

4. Results and discussions

4.1. Nanoparticle characterization and nanohybrid formation

To confirm the formation of the NPs we have examined the XRD of
the as-synthesized Fe2O3 NPs (shown in Fig. 1). The XRD image of
Fe2O3 NPs shows very sharps peaks which correspond to good crys-
tallinity of the synthesized NPs. All the diffraction peaks obtained from
the NP can be indexed to a rhombohedral phase α-Fe2O3 (hematite,
JCPDS no. 33-0664) [23,29]. No other diffraction peaks have been

observed, indicating the high purity of the products. The XRD peak of
Fe2O3-PC NH shows exactly the same diffraction pattern as pristine
Fe2O3 NP which indicates that the crystal structure of α-Fe2O3 remains
intact after PCs attachment.

To further confirm the nanohybrid formation we have done Raman
spectroscopy of the Fe2O3 and NH system. Raman spectroscopy can
yield information about heterostructure formation fast and non-de-
structively. The Raman spectra of α- Fe2O3 NPs, PCs, and nanohybrid
system are depicted in Fig. 2. Raman spectra of the as-synthesized
Fe2O3 NPs shows seven significant peaks, two A1g modes (226 cm−1

and 497 cm−1) and five Eg modes (245 cm−1, 293 cm−1, 298 cm−1,
412 cm−1 and 613 cm−1) [62,63]. The A1g modes are related to sym-
metric stretching vibrations of Fe–O, while Eg modes are due to sym-
metric bending vibrations Fe–O. The position of phonon peaks in the
spectrum measured for our system agrees well with the hematite
standard data [63–65] This confirms the formation of good crystalline
hematite (α-Fe2O3) NPs. Raman data of NHs shows the existence of
structural heterogeneities where the characteristic Raman peak of both
Fe2O3 and PC are present simultaneously. Additionally, the A1g mode
(at ∼497 cm−1) and the Eg mode (at ∼613 cm−1) of Fe2O3 is sup-
pressed upon the attachment with PC while other modes remain present
in the hybrid system. We also observe subtle changes in phonon en-
ergies of NHs with respect to pristine Fe2O3 NPs. These shifts are related
to the change of chemical bond length due to bonding between PC and
Fe2O3 which confirms the successful formation of NHs.

To confirm that PCs are conjugate to the α-Fe2O3 (hematite) a TGA-
DTA analysis of the NHs has been performed (Fig. S1). An initial weight
loss of 6% around 130 °C–180 °C occurred due to the solvent evapora-
tion. The complete decomposition takes place around 400 °C which is
attributed to a sharp weight loss of ∼ 6% near 400 °C signaling the loss
of the peripheral group and the core ring of PC. We can infer that
around 6wt % dye has been conjugated in the NH system. This result
also suggests that our newly synthesized NH is thermally stable over a
wide range of temperatures.

4.2. Morphology of Fe2O3 NP and Fe2O3-PC NH

Fig. 3a shows the FESEM image of Fe2O3 NPs highlighting the
morphology of the NPs. Here a clear indication of the related mor-
phology can be found. As-synthesized α-Fe2O3 NPs show individual
spindle-like structures forming an assembly [27,66]. There is a huge
change in the morphology after ligand attachment [67]. NHs show a
spherical structure as shown in Fig. 3b. This modification of the size and
morphology is due to the presence of PC as the NPs undergo an etching
at the edge of the surface [68]. So the surface of the NH is heavily
controlled by the ligand. Fig. 3c shows the mapping image of Fe, O, C
and N in the NH, which confirms the presence of PC in the NH. The EDSFig. 1. Powder XRD image of Fe2O3 and Fe2O3-PC NH.

Fig. 2. Raman spectra of Fe2O3, PC, and nanohybrid.
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image of the NH is also presented in Fig. 3d and shows the presence of a
component of PC.

TEM images of Fe2O3 NPs and Fe2O3-PC NHs are depicted in Fig. 4.
Fig. 4a shows the TEM image of Fe2O3 with the spindle-like structure in
accordance with the SEM image. The high-resolution TEM image
(HRTEM) of the NPs is depicted in Fig. 4b. A continuous fringe with
fringe distance ∼0.38 nm is observed which corresponds to the (012)
plane of the NPs [69]. The generation of continuous fringes is an in-
dication of very good crystallinity. The SAED image, shown in Fig. 4c,
also indicates the formation of a very good quality crystalline structure.
The TEM image of Fe2O3-PC NHs is shown in Fig. 4d with an almost
spherical structure. The HRTEM image (Fig. 4e) shows the well-defined
fringe with fringe width ∼0.38 nm, which infers that although the
morphology of the structure has changed due to ligand attachment, the
crystallinity remains intact. The particle size distribution of the NPs and
NHs is given in Fig. 4f and 4 g respectively. The average particle size of
the Fe2O3 system has decreased from ∼241.6 ± 1.29 nm to
155.9 ± 1.05 nm due to surface etching.

4.3. Spectroscopic characterization

In order to explore the interaction between Fe2O3 NPs and PCs, we
have carried out rigorous optical spectroscopic characterization of the
systems. The absorption spectra of Fe2O3 NPs, PCs and NHs are de-
picted in Fig. 5a. Pure Fe2O3 NPs show a broad absorption peak in the
visible region with peak maxima at ∼566 nm along with a weak ab-
sorption near ∼450 nm. The absorption of Fe2O3 NPs in the visible
region (400–600 nm) is mainly triggered by the pair excitations gen-
erated by the exciton of two magnetically attached neighboring Fe3+

cations. The main absorption peak is attributed mainly due to the
combined effect of an electronic transition from 6A1 to 4T2 (4G) and pair
excitation of 6A1 + 6A1 - 4T2(4G) + 4T2(4G) 22, 47. The contribution in
the absorption band near ∼450 nm comes from the pair exciton 6A1-

4E, 4A1 of magnetically coupled neighboring Fe3+-Fe3+cations [27,66].
The PC complex shows its characteristic Q band absorption peak at
∼670 nm which is ascribed to the π-π∗ transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied mole-
cular orbital (LUMO) of the PCs ring whereas the absorption near
300–400 nm is attributed to the soret band [70]. The nanohybrid con-
tains inorganic α-Fe2O3 NP (which has band gap∼560 nm) and organic
phthalocyanine (PC) which has a wide absorption band ∼670 nm. Our
combined nanohybrid system shows a broader absorption band with
two absorption peak at ∼550 nm and ∼665 nm contributed by Fe2O3

and PC respectively. Combination of the effect of Fe2O3 and PC results
in broad absorption in visible reason. However, the increment of ab-
sorption is not only the reason for better activity in the hybrid system.
In next section, we have explained ligand to metal charge transfer
(LMCT) which is other reason for enhanced activity. Interestingly, the
NHs show characteristic peaks of both Fe2O3 NPs and PCs. However,
the characteristic peak of Fe2O3 around ∼670 nm undergoes a sig-
nificant blue shift in NH which corresponds to the decrease in particle
size as observed in electron microscopy. The bandgap transformed plot
using the Kubelka-Munk function vs. photon energy [71,72] has been
plotted in supplementary Fig. S2. From this the band gap energy of the
systems has been roughly estimated. The Tauc plot of Fe2O3 roughly
estimates the band gap of Fe2O3 which is approximately ∼2.68 eV. The
Tauc plot of PC clearly shows two bandgap approximately at 1.8 eV and
3.37 eV. Second peak comes due to higher order transition in the PC
system. Fig. S2c depicted the bandgap transformation Tauc plot of
Fe2O3 PC NH which shows three peaks. The contribution from Fe2O3

come ∼ 2.55 eV whereas 1.9 eV and 3.1 eV peaks attribute to PC. The
steady-state emission spectra of NH and PC are recorded in Fig. 5b. It
has been observed that the normalized emission of NH has slaked with
respect to PC. The plausible cause for the steady-state fluorescence
quenching of PC in the presence of Fe2O3 NPs is the electron transfer
from the LUMO of PC to the host Fe2O3 NPs in the NH. To get the direct

Fig. 3. FESEM image of a) Fe2O3 nanoparticle and b) Fe2O3-PC nanohybrid, c) Mapping of different elements of nanohybrid confirms the presence of Fe2O3 and PC,
d) EDAX image of NH.
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evidence of Ligand to Metal charge transfer (LMCT) in the NH, we have
utilized picosecond resolution fluorescence transient spectroscopy.
Using a 633 nm LASER excitation we have monitored the decay profile
of PCs and NH systems as shown in Fig. 5c. Phthalocyanine shows a bi-
exponential decay pattern that corresponds to an intersystem crossing
and normal excitonic lifetime of the system [73]. The NHs encompasses
a tri-exponential decay pattern with an additional faster component of
∼ 48 ps compared to the decay of the PC. This additional faster com-
ponent corresponds to an ultrafast photo-induced electron transfer from
the LUMO of PC to CB of Fe2O3 NPs. The sensitization process changes
the electronic behavior of Fe2O3 and PC via arresting the recombination
rate of the exciton [38,74]. The detailed lifetime components of the
system are tabulated in Table 1.

4.4. Magnetic properties of the nanohybrids

Magnetic properties of the NHs were measured using a super-
conducting quantum interference device (SQUID) magnetometer. Fig. 6
depicts a comparison of the magnetic response of the as-prepared Fe2O3

system and the corresponding NH system. The field (H) dependence of
magnetization measured at temperatures 5K and 300K are plotted in
Fig. 6a and b respectively. Pristine α-Fe2O3 system is well-known to
have antiferromagnetic order in bulk. In nanoparticle system, we obtain
a tiny measurable magnetization due to two reasons. First, there are
uncompensated moments because of the presence of surface dis-
continuing the bulk lattice structure. Second, the spins of the Fe3+ ions
at the surface are canted because of the metastable surface potential

Fig. 4. a) TEM image of Fe2O3 NP, b) HRTEM image of Fe2O3 NP and c) SAED pattern of the system. d) TEM image of Fe2O3-PC NH, e) HRTEM image of the NH, f)
and g) shows the particle size distribution of Fe2O3 and Fe2O3-PC NH respectively.
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[75]. As evident from the figure, the NH has undoubtedly manifested
significant increase of saturation magnetization (MS) as compared to
the pristine system in both temperatures along with the occurrence of
well-defined hysteresis behavior. Interestingly, even with the highest

available applied field, magnetization of the system undergoes a
monotonous increase, implying the non-saturation of canted spins at
the surface of the NH. During the formation of NH, the NP experiences
heavy surface reconstructions and huge amount of charge transfer be-
tween ligand to metal, resulting a net charge imbalance in the NH.
Whereas the NP behaves like uncompensated antiferromagnet, the NH
is having ferromagnetic nature displaying a finite hysteresis loop [76].

The temperature dependence of magnetization for the sample is
inspected in both zero-field-cooled (ZFC) and field cooled (FC) condi-
tions for two different field values. Fig. 6c and d depicted the ZFC-FC
magnetization curve of pristine Fe2O3 NP and NH respectively for field
value H=1000 Oe. The shape of the ZFC-FC curve for the NP shows an
outward concave nature, which confirms the low carrier density and the
localized nature of the carrier present in the system [75,77]. The
splitting between ZFC and FC curves becomes negligible at approxi-
mately 225 K, which is the blocking temperature (TB) of the system
[78]. The upturn of both FC and ZFC curves starts at∼200 K because of
Morin Transition [20,68] which is a spin-flipping transition, where the
resultant magnetization changes from perpendicular to parallel to the c-
axis.

The temperature dependence of magnetization displays many
drastic changes from NP to NH. First, the blocking temperature, as
obtained from ZFC and FC curves, shifts toward lower temperature
(140 K) in the NH system. Second, below TB, the ZFC magnetization
curve decreases sharply, with a small hump at around 50 K, whereas the
FC magnetization curve remains almost constant down to 5 K, implying
the presence of long-range order in the system. Third, the Morin tran-
sition, as present in the pristine NP, was completely suppressed for NH,
suggesting that the attachment with ligand is restricting the spin-flip.
The effective magnetic moments are listed in Table 2. The saturation
magnetization (MS) of the NH is found to be ∼4.56 emu/gm at
T= 300 K and increases with lowering T. Larger values of coercivity HC

(134 Oe) and remanent magnetization (MR) indicate pronounced fer-
romagnetic behaviour at 5 K, which remains almost intact at 300 K. The
calculated per formula magnetic moment of the NH is approximately
∼1.2μB, which is much higher than the pristine one (0.2 μB). This
increment of magnetic moment is due to surface reconstruction and
charge imbalance at the surface of Fe2O3 in presence of PC ligand
[75,79], which also matches with our theoretical calculation.

4.5. Photocurrent measurements

We have also carried out photoconductivity measurements of the
nanohybrid system to understand the role of photoinduced charge se-
paration to the net photocurrent. The linear sweep voltammograms
(LSV) is recorded on pristine Fe2O3 NPs and Fe2O3-PC NHs. The current
densities of both the samples are measured under dark and illuminated
conditions. It is found that the current in the dark condition is negli-
gible for both systems. Remarkably, although Fe2O3 has a broad ab-
sorption band in the visible region, yet it has low photocurrent density
particularly due to the high recombination rate of the photo-generated
electron-hole pairs. One of the main aims of the work is to improve the
photocurrent density of the Fe2O3 by arresting its recombination rate
[31–33]. An attachment of PC to Fe2O3 could evidently increase the
photoelectrochemical performance of Fe2O3 NPs. The pictorial images
of the NH deposited ITO cells are shown in Fig. 7a. The LSV measure-
ments of the systems are shown in Fig. 7b. It is observed that in com-
parison to pristine Fe2O3 NP, the photocurrent density of the Fe2O3-PC
NH has increased to approximately two-fold in the case of pristine
Fe2O3 NP, suggesting that interaction of PC with Fe2O3 improves charge
separation of Fe2O3-PC nanocomposite and thus provides higher photo-
electrochemical performance in the composite system. We have mea-
sured the photocurrent of commercially bought Fe2O3 and as-synthe-
sized Fe2O3 NP (without annealing). The photocurrent output and
stability of both the commercially obtained Fe2O3 and as-synthesized
Fe2O3 is much lower than that of either annealed Fe2O3 or Fe2O3-PC

Fig. 5. a) Absorption spectra of Fe2O3, PC and nanohybrid, b) steady-state
emission spectra of PC and nanohybrid, c) time-resolved decay of PC and na-
nohybrid.

Table 1
Fluorescence Lifetime of Different systems (value inside parenthesis shows the
contribution of the corresponding components).

System τ1 (ps) τ2(ps) τ3(ps) τavg(ps)

Fe2O3 – 1700 (87.6) 3769.6 (12.3) 1955.4
Fe2O3-PC 46.4 (81.4) 1149 (17.3) 3768 (1.3) 254.8
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NH. Almost insignificant amount of photocurrent for the as-synthesized
Fe2O3 NP (without annealing) implies, to get a better photocurrent
output the NP needs to be annealed at higher temperatures. During
annealing, the crystallinity of the system increases with lowering of
defects and impurities, resulting in improvement in photocurrent. The
negligible photocurrent of commercial Fe2O3 in comparison to the NH
is well understandable. Furthermore, it is very much unstable. The
stability of the photocurrent is also another key issue of the composite
system for efficient photoelectrochemical water splitting process. To
check the stability of the NH, continuous photocurrent was measured
for 10min in 0.1 M Na2SO4 (pH7 PBS) holding the electrodes at a po-
tential of 0.8 V. Fig. S3 depicts the chronoamperometric plots of the
Fe2O3 and NH films under the fixed illumination of light (intensity
100mW/cm2) for 10min. The plot describes the photoelectrochemical
water oxidation stability of the NH is much better than its pristine
counterpart.

4.5.1. Electrochemical impedance spectroscopic analysis
The electrochemical impedance spectra were recorded within the

frequency range of 100 kHz to 20mHz using an ac amplitude of 10mV
at a fixed potential of 0.8 V under UV–vis illumination. Fig. 7c shows
the Nyquist plot obtained at similar experimental conditions using
Fe2O3 and Fe2O3-PC films. Fig. 7d shows the corresponding equivalent
circuit diagram to evaluate the circuit parameters, where Rs, the solu-
tion (ohmic) resistance, Rct is the charge-transfer resistance across the
photocatalyst-electrolyte interface and CP is the associated capacitance.
From the Nyquist plot, it is evident that lower value of Rct is obtained

for the film using Fe2O3-PC which increases to almost 2.5 times for the
as-synthesized Fe2O3 NP. This result supports that the composite ma-
terial exhibits higher photocurrent in water oxidation reaction (H2O →
O2) due to facile transfer of photogenerated holes across the photo-
catalyst-electrolyte interface.

4.6. Application in photocatalysis

To explore possible applications of the NHs, we have utilized the
NHs as visible light photocatalyst. As Fe2O3 has a bandgap in the visible
range, it can be used as a visible-light photocatalyst. However, the main
drawback of the Fe2O3 photocatalyst is its higher recombination rate
[32] of the photogenerated electron-hole pairs, which should be mini-
mized to obtain an efficient catalyst. Our newly prepared NH aims to
arrest the recombination process. Due to the LMCT from PC to Fe2O3,
available electron at the CB of Fe2O3 increases, which is followed by
generation of PC cation radical (PC+) and conduction band (ecb−)
electrons of Fe2O3. As a result of it, the availability of photoexcited
electron increases, which results in higher photocatalytic activity in the
hybrid system. The model textile dye Methylene Blue (MB) is used as a
model contaminant in the present study. We have monitored the gra-
dual decrease in the absorption intensity of the MB in the presence of
photocatalyst samples under visible light illumination as depicted in
Fig. 8a. The photocatalytic activity of newly synthesized NH is com-
pared with as-synthesized Fe2O3 along with commercially available
hematite (Fig. 8b). The later degrades 48% MB in 2 h whereas our
synthesized Fe2O3 can exterminate 53% of MB in 2 h. However, a

Fig. 6. M−H hysteresis curve of Fe2O3 NP and Fe2O3 -PC NH for a) 5 K and b) 300 K temperature and FC-ZFC curve of c) Fe2O3 NP d) Fe2O3 -PC NH.

Table 2
Magnetic Properties of Fe2O3 and Fe2O3-PC NH.

Temperature (K) System Saturation
Magnetization (MS)
(emu/gm)

Remanent
magnetization (MR) (emu/gm)

Coercivity (HC)
(Oe)

4 K Fe2O3 1.13 0.02 664
Fe2O3-PC – 1.13 134

300 K Fe2O3 1.07 0.1 956
Fe2O3-PC 4.5 0.73 120
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significant increment of photocatalytic efficiency has been observed in
the NH system. Our newly synthesized NH can degenerate 75% MB in
2 h. The catalytic rate constants are shown in Fig. 8c. The insets show
the images of the aqueous solution before and after the experiments,
which clearly indicated the degradation of MB in the presence of a
catalyst. Fig. 8d shows the image of photocatalyst with and without the
presence of a magnetic field after keeping them immobile for 30min.
The additional advantage of our synthesized NH is a magnetic separ-
ability from the reaction medium. It is found that the NHs are strongly
susceptible to magnetic fields, making it easy to recover the active
photocatalyst from the aqueous medium after the treatment, via an
external magnetic field. The details of the photocatalytic rate constants
for different systems are given in Table 3.

In order to investigate the role of reactive oxygen species (ROS) in
the photocatalytic process, the photocatalysis experiments were per-
formed in the presence of sodium azide (NaN3) which is a scavenger of
superoxides and photo-generated electrons. We have also checked the
catalytic activity in the presence of a well-known ROS initiator H2O2. It
is found that the rate of photocatalytic activity has decreased in the
presence of NaN3 whereas the activity increased in the presence of
H2O2 as shown in Fig. 8e. The results confirm that the photocatalysis
procedure is mainly facilitated through the ROS mechanism [8]. The
detailed mechanism of photocatalysis is described later.

The repeatability of photocatalyst has always been an important
factor from the practical application purpose. Therefore, the stability
test was conducted with the NH system for the degradation of MB. As
shown in Fig. 8f, the NH showed good photocatalytic activity up to four
cycle, indicating the excellent stability of the catalyst.

In presence of visible light, the electron from the valence band
moves towards the conduction band leaving behind a hole in the va-
lence band. This photo-generated electron-hole pair produces various
superoxide radicals by reacting with dissolved oxygen within the aqu-
eous medium and chemisorbed oxygen on the catalyst surface. The
superoxide radicals (O2˙)̄ along with dissociated water (H+) form hy-
droperoxyl radicals (˙HO2) and H2O2. The hydroxyl radicals (OH) are

formed on the surface of the catalyst by the reaction with photo-
generated holes (h+) with adsorbed water (OH2). These highly reactive
ROS interact with MB dye and breaks it into harmless CO2 and H2O.

MB+hν → MB• (2a)

α- Fe2O3+ hν → α- Fe2O3 (eCB− + hVB+) (2b)

PC+hν → eCB− + PC •+ (2c)

H2O → H+ + OH (2d)

eCB− + O2 → O2
•e (2e)

O2
•− + H+

aq → HO2
• (2f)

HO2
•+ HO2

•↔ H2O2 +O2 (2g)

hVB+ + OHaq → OH•e (2h)

MB• + (O2
•e, HO2

•, H2O2, OH•e) → Degradation Products (CO2+ H2O)
(2i)

PC •+ + MB → MB•+ +PC (2j)

MB•+ + OH•e = CO2 +H2O (2k)

To explore the specific areas and the porous nature of the as-syn-
thesized NPs and NHs we have performed BET gas sorption measure-
ment. N2 adsorption-desorption isotherms and pore size distributions
calculated using the B.J.H. method of Fe2O3 NPs and NHs are shown in
Fig. 9. These isotherms are classified to type II which attributes the
synthesized NPs being slightly porous or macroporous [80]. The Fe2O3-
PC NPs show a higher BET surface area (34.04) compared to the pris-
tine one (29.57). The aggregation between the Fe2O3 NP decreases in
the presence of PC which is the reason for the higher surface area. This
is one of the reasons for better photocatalytic activity. The pore dia-
meter of the Fe2O3 and NH was found to be 1.66 nm and 1.88 nm re-
spectively. The schematic diagram for the proposed visible light cata-
lysis mechanism is depicted in Scheme 1 with proper band alignment

Fig. 7. a) Pictorial image of a cell prepared by Fe2O3 NP, b) Photocurrent density of different systems Fe2O3, Fe2O3-PC NH, Commercial Fe2O3 and as-synthesized
Fe2O3 (without annealing), c) Nyquist plot of Fe2O3 and Fe2O3-PC measured at open circuit condition, d) an equivalent circuit that produces the Nyquist plot.
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[81,82]. The detailed BET results are tabulated in Table 4. The band
alignment of Fe2O3 and PC is such that the combined system forms a
type II heterojunction, which will be very efficient for charge separation
[22,82–84]. The excited-state electrons travel from the LUMO of PC to
the conduction band of Fe2O3 whereas the holes move from the valence
band of Fe2O3 to HOMO of PC. Therefore, the electron-hole

delocalization could be done more efficiently at the interface of the NH,
and therefore the lifetime of charge carriers increases, and the inter-
facial charge relocation increases resulting in better photocatalytic ac-
tivity in Fe2O3-PC NH.

4.7. Real-life application

In order to utilize the NHs in real-life applications, we have em-
bedded the nanohybrid on the stainless steel mesh (SSM). Fe2O3 NPs
were deposited onto the mesh using the hydro-thermal technique as
described in the experimental section. The optical image of bare SSM
and Fe2O3 treated SSM is shown in Fig. S4, the colour of the mesh turns
silvery white to darkish red, which suggests that NP has been deposited
on the SSM. The morphologies of the SSM before and after Fe2O3

treatment were investigated using scanning electron microscopy at
room temperature. Fig. 10a and b show the SEM image of bare SSM

Fig. 8. a) Photocatalytic degradation curve of Methylene Blue in presence of NH, b) effect of magnetic attraction of the NH in presence of a magnetic environment, c)
visible light photocatalytic degradation of different system, d) degradation rate of NH and Fe2O3 NP, inset shows the initial and final state of MB contained water, e)
photocatalytic degradation rate of Fe2O3 in presence of radical initiator (H2O2 and radical quencher (NaN3) f) photocatalytic repeatability test of the NH.

Table 3
Photocatalytic degradation rate and rate constant of different system.

System % degradation in
2 hr.

Rate Constant
(min−1)

Rate constant
(min−1 mg-1 L ×10-3)

MB Control 12 0.001 0.01
Commercial

Fe2O3

49 0.0061 0.006

Fe2O3 56 0.007 0.007
Fe2O3-PC 75 0.012 0.012
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with different magnification. The SSM was kept at ambient condition
for one month. Fig. 10c and d show the SEM images of SSM after
keeping them for one month at ambient condition. There is very little
change in the SSM after keeping them in ambient condition. Even after
one month, there is almost no coating of rust (which is a type of Fe2-

xO3+x). But after hydrothermal treatment of SSM for 36 h, we observed
the surface of the SSM substrate is indeed completely covered with
spindle-like structures of Fe2O3 with size approximately ∼200 nm.
Fig. 10e shows the enlarged image of the mesh, where we found a
homogeneous distribution of NP attachment on the top of the mesh.

Fig. 9. Adsorption desorption curve and pore size of Fe2O3 and Fe2O3 -PC.

Scheme 1. Relative band positions and charge transfer mechanism of the nanohybrid.
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This Fe2O3 embedded mesh was then kept in PC solution overnight for
the sensitization. The whole system acts as an immobilized catalyst. We
have checked the photocatalytic activity of the Fe2O3 loaded SSM and
NH loaded SSM, as depicted in Fig. 10h. It shows a catalytic activity of
the NHs embedded system of 50% in 4 h, whereas the Fe2O3-embedded
mesh degrades 35% catalyst in 4 h. Fig. 10i shows the schematic process
of the Fe2O3 decoration on the stainless steel mesh and sensitization
process. This mesh-based photocatalytic system has a dual-action me-
chanism for the removal of pollutants. While the photocatalyst removes
the contaminant by chemical degradation, the mesh acts as a physical
filter to remove the contaminant [74]. An important consequence of the
current work is that this photocatalyst structure can be used on a large
scale and this kind of immobile system can be easily separated once the
cleaning process is done. The nanohybrid loaded mesh can be easily
formed into a different shape and applied to use as a continuous flow
reactor.

4.8. Theoretical investigation

Aiming to find the insight of the reason of enhanced activity in the
Fe2O3-PC NH system, we have carried out a computational DFT study.
We have modeled a Fe2O3-PC nanohybrid which is similar to experi-
mental system and investigated its electronic properties. Geometric
optimization of the pristine Fe2O3 NP and Fe2O3-PC NH was carried out
using GGA-PBE formalism (described in the computational section). We
start our investigation by bearing in mind the electronic structure of
bulk Fe2O3. Hematite belongs to the trigonal space group, and it has
different magnetic configurations. We have calculated different mag-
netic configurations of the system and found antiferromagnetic (AFM)
configuration as energetically most stable. The stability of the AFM
configuration of hematite compared to other magnetic configuration is
consistent with previous reports [85,86]. Although the experimental
band gap of the hematite Fe2O3-NP is ∼2.2 eV, the GGA calculated
band gap was found ∼0.2 eV, which is consistent with previous DFT-
GGA results [87]. The deviation of the band gap from the experimental
result is due to the incapability of GGA functional to accurately cal-
culate the CBM incorporating the strongly correlated Fe- 3d electrons.
Next, we have used GGA+U approach with a U-J value ∼5 eV
(U=5.5 eV and J =0.5 eV), where the bandgap was found ∼2.2 eV,
which is similar to the experimental result [87,88]. These parameter
values are kept intact for rest of the calculations. The orbital projected
density of states (OPDOS) of the bulk Fe2O3 is depicted in Fig. 11a. The
GGA+U OPDOS of Fe2O3 reveals the proper orbital character of the
band gap. Valance band maxima is contributed by hybridized 2p
character of O and 3d character of Fe atom, whereas conduction band
minima is mainly contributed by Fe-3d character indicating a p-d
transition [87] which is consistent with spectroscopic descriptions [89].
Next, we investigated the NP of the hematite and the NH made out of it.
Upon ground state optimization, it is found that PC makes bidentate
bond with surface Fe of Fe2O3 (shown in Fig. 11d and e). The binding
energy of the NH has been calculated from the formula written below-

= − −E E E EB NH PCFe O2 3 (3)

The calculated binding energy of the NH is ∼21meV/atom. This
indicates the formation of NH is thermodynamically favorable.
Afterward, we investigated the OPDOS of Fe2O3-NP which is shown in
Fig. 11b. There is a visible reduction in band gap in the density of states
of the NP which is consistent with previous literature. The change of

band gap is coming due to the surface reconstruction of the NP. Few
states are generated within the bandgap of the NP which is contributed
by the 2p character of surface O-atoms and 3d- character of surface Fe
atoms. While valance band minima is mainly dominated by O-p orbital,
conduction band maxima is dominated by Fe-d character which is si-
milar to the result of bulk [89]. The up channel and down channel of
the DOS is asymmetric due the effect of spin canting because of surface
reconstruction, which is found to be the reason of increment in mag-
netic moment in the nano Fe2O3 structures. Per molecule magnetic
moment is increased to 0.28 μB which was almost near to zero in the
bulk system. The OPDOS of the NH is shown in Fig. 11c. The change of
Fermi level demonstrates a n-type doping in the NH system, which in-
dicates the possibility of ligand to metal charge transfer (LMCT) from
PC to Fe2O3 NP. This result is very much consistent with our experi-
mental findings. Conduction band maximum is highly hybridized by the
Fe-3d, O-2p character along with p character of PC. Many additional
gap states are generated during the formation of NH, which effectively
reduces the band gap of the systems. After the formation of NH with PC,
the conduction band edge of Fe2O3 is moved towards the valence bands
significantly reducing the band gap, which could favor an easier elec-
tron transfer across the band gap [88]. The delocalization of charge can
be seen more prominently from the charge density plot of the system.
Fig. 11d shows the charge density plot of the NH which displays a big
charge overlap between Fe2O3 and PC system indicates the possibility
of a net charge transfer between two systems. Those favorable condi-
tions may be the reason of higher activity of the NH systems. The spin
density plot of the NH is presented in Fig. 11e which reveals the
asymmetric spin distribution in the NH system. The magnetic moment
of the system increased in the NH system due to the charge transfer
between PC and Fe2O3 and asymmetric spin canting at the surface of
the system. This result is also supporting the experimentally obtained
increment in magnetic moment in the NH.

5. Conclusion

In summary, we have demonstrated the efficient preparation of a
multifunctional magnetic nanoparticle (Fe2O3) based nanohybrid
system which can give both photocatalytic activity and photoelec-
trochemical activity. It has also been shown that the photogenerated
electron-hole pairs could be effectively separated by means of the hy-
brid effect of Fe2O3 and PC in the NHs. A consequence of the broader
light absorption and more efficient delocalization of the charge carriers
is much larger photocurrent and higher photocatalytic activity of the
NH compared to the pristine nanoparticle. The visible light-induced
photoactivity is instigated from the injection of excited electrons from
the LUMO of PC to the CB of Fe2O3. PC hybridization on the Fe2O3 is a
promising strategy to design two-fold active (photocatalytic and pho-
tocurrent) and stable nanohybrids. Further, the NHs have been deco-
rated on the top of a stainless steel mesh and their photocatalytic ac-
tivity has been investigated. This kind of immobilization can have a
very high prospect for large scale flow-device type applications. We
believe that the present work stimulates further work on the future
design of magnetic catalysts having higher charge separation which can
be used as both mobile and immobile catalysts.
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