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This study demonstrates the fabrication of electrospun bismuth ferrite (BiFeO3/BFO) fiber mat and
www.rsc.org/ fibrous mesh nanostructures consisting of aligned and random fibers respectively. The formation of
these one dimensional (1D) nanostructures was mediated by the drum and plate collectors in
electrospinning process that yielded aligned and random nanofibers of BFO respectively. The single
phase and rhombohedral crystal structure of the fabricated 1D BFO nanostructures are confirmed
through X-Ray Diffraction (XRD) studies. X-ray Photoelectron Spectroscopy (XPS) studies indicated that
the fabricated fibers are stoichiometric BFO with native oxidation states +3. The surface texture and
morphology are analyzed using the Field Emission Scanning Electron Microscopy (FESEM) and High
Resolution Transmission Electron Microscopy (HRTEM) techniques. The average size of fibers in mat
and mesh nanostructures is found to be 200 nm and 150 nm respectively. The band gap energy of BFO
mat and mesh deduced from their UV Diffuse Reflectance Spectra (UV-DRS) that found to be 2.44 eV
and 2.39 eV respectively which evidenced the improved visible light receptivity of BFO mesh compared
to that of the mat. Magnetization studies by Super Conducting Quantum Interference Device (SQUID)
magnetometer revealed the weak ferromagnetic properties of BFO mesh and mat that could be
emerged due to the dimension induced suppression of cycloidal spin structures. The photocatalytic
degradation property of the fibrous mesh is found to be enhanced than that of the mat. This could be
attributed to the reduced band gap energy and improved semiconductor band-bending phenomenon in
the mesh that favoured the transportation of excited charge carriers to the photocatalyst-dye interfaces
and the production of more number of reactive species that lead to the effective degradation of the dye
molecules.

1. Introduction gap energy (~2.3 eV) of BFO makes it a very promising

. . . L . candidate to be driven by visible light for such photo-driven
The reputation of multiferroic materials is owing to the co- applications.5’6 Intense research on BFO that focused on its
being propelled as its

multiferroic properties also aid in achieving the necessary

existence of different types of ferroic orders such as

photocatalytic applications are

ferroelectric, (anti-)ferromagnetic, ferroelastic, etc., in their

. 1 .. . . .
single phase states.” Among the existing multiferroic materials, conditions for the enhanced photocatalytic process in BFO.

bismuth ferrite (BiFeOs;/BFO) is a well-established natural

multiferroic material that shows ferroelectric and anti-
ferromagnetic properties at room temperature.2 BFO is
considered to be an exemplary material for the investigation of
the origin of multiferroic properties in materials.> Eventually,
such exploration and the insights derived thereof led to the
production of artificial multiferroic materials.>* Besides,
BFO is

photocatalytic properties towards the degradation of organic

multiferroic properties, also explored for their

pollutants and water splitting applications.” The narrow band

This journal is © The Royal Society of Chemistry 2013

Accordingly, it is possible to control and manipulate the
transportation of charge carriers through the ferroelectric
properties,” and improving its magnetic properties also favours
the separation of BFO from the dye medium.®

In pursuit of enhancing the photocatalytic properties, BFO
has been modified in its chemical composition such as
89 and physical

with different
Among the various anisotropic

substitution, composites, metal decoration,

structures like anisotropic nanostructures
morphologies, and sizes.'?

nanostructures, one dimensional (1D) structures, especially, the
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fiber nanostructures are gaining significant attention due to
their enhanced physical as well as chemical properties that are
governed by their confined and subsequent
modification in the electronic properties of the materials.'' For
instance, considering the photocatalytic process, enhancing the
carrier diffusion length and recombination resistance are the
two major essential criteria for improving the photocatalytic
activity of a photocatalyst.'> Such manipulations can be
effectively achieved in the 1D nanostructured photocatalyst.'?

Electrospinning is an effective and straightforward
technique to fabricate 1D fiber based nanostructures with
controlled dimensions and morphologies. The electrospinning
process can be divided into three stages, (i) Preparation of
electrospinning  solution (choice of solvents, polymers,
optimization of the solution concentration, viscosity of the
solution, etc.), (ii) Controlling the electrospinning parameters
(applied voltage, flow rate, collector type, etc.), and (iii)
Optimization of the annealing conditions (annealing
temperature, ramping rate, annealing time, etc.). A meticulous
control over the parameters in each stage would enable
effective manipulations of the morphology of fibers."* For
instance; fibers with different morphologies can be produced by
changing the polymer concentration, solvents and fiber
collectors. An effective control over the applied voltage and
collector type would lead to the formation of fibers with
different sizes and distributions. Also, the annealing conditions
would lead to the breaking of fibers into smaller lengths.'>""”
Despite the fact that electrospinning offers a facile way of fiber
fabrications, the optimization process for obtaining fibers with
desired features is quite complex as it consists of a broad range
of conditions to be controlled. However, it is possible that the
arrangement of fibers can be tuned by using different types of
fiber collectors such as drums, plates and discs. The fabrication
of fibers with such configurations also exhibits property
variations as they establish different levels of interactions with
the surrounding phases such as solid, liquid, and gas, as well as
enhanced responses to the external stimuli such as magnetic or
electrical field, thermal energy, etc.'®

In this perspective, we report herein the fabrication of BFO
mat and fibrous mesh nanostructures by electrospinning
technique, which is exclusively mediated by different types of
collectors. In morphological perspective, the mats are long-
range uniformly aligned fibers, while the meshes are
completely random in their distribution and alignments. Fig.
1(a)-(b) shows well known objects such as ‘household mats’
and ‘noodles’ which could be analogical to these fibrous mats
and mesh nanostructures respectively reported in this present
study. The fabricated BFO 1D
characterized for their magnetic properties and photocatalytic
abilities towards the degradation of organic dye under exposure
of natural sunlight. The fabrication of mat like fibrous
structures of BFO and TiO, based materials has been reported
in the literatures and studied for their photocatalytic
properties.'” However, our approach of experimental design to
obtain the mat and mesh nanostructures are relatively facile and

structures

nanostructures were
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Fig. 1 Common objects (a) household mat and (b) noodles that analogical to the
fabricated 1D fibrous mat and mesh nanostructures reported in this study.

showed enhanced properties that ascribed to the controlled size,
morphological parameters of the fabricated nanostructures.

2. Experiment

2.1. Fabrication of BFO fiber mat and mesh

In a typical procedure, 0.8 M of bismuth nitrate [Bi(NO3)3.
6H,0] and iron nitrate [Fe(NOj);. 9H,0] were taken and
dissolved in 5 ml of glacial acetic acid. An amount of 1 g of
polyvinyl pyrrolidone, (PVP, M.W. 13, 00, 000) was then
dissolved in 5 ml double distilled water and added to the above
solution. Thereafter, these solutions were mixed up and stirred
homogenously for 6 h. This homogenous solution was taken in
a plastic syringe equipped with stainless needle and loaded into
the electrospinning system. An optimized high electrical
voltage of 15 kV was applied to the needle at a flow rate of 0.2
ml/h, and the fibers were collected in drum and plate collectors.
The as-spun BFO/PVP fibers were further annealed at 550 °C
for 2 h, for the BiFeO; phase formation. The annealing
temperature was deduced from the thermogravimetric weight
loss curves of the as-spun samples as discussed in Section 3.1.

A schematic representation of the electrospinning process
with different fiber collectors along with the photographic
images of as-spun and annealed BFO mat and mesh
nanostructures are shown in Fig. 2(a)-(f) respectively. Figure
2(e) shows the as-spun fibers peeled out from the drum
collector.

2. 2. Photocatalytic experiment

In a typical photocatalytic experiment, an amount of 10 mg
of methylene blue (MB) blue dye was dissolved in 1000 ml of
double distilled water to prepare the stock solution. 5 mg of
BFO photocatalyst was then added to 100 ml of dye solution
taken from the stock. Further, this photocatalyst-dye solution
mixture was kept in the dark and stirred for 20 min to attain
absorption-desorption equilibrium. The subsequent degradation
of dye in terms of optical absorbance characteristics was
recorded at a periodical interval using UV-Visible absorption
spectrometer. The experiments were carried out in a tropical
climate (Geographical location- Chennai; 13.04° N and 80.17°
E on the Southern-East coast of India, Time between 10:00 am
and 3:00 p.m., outside temperature: 29°C to 31°C) and the
intensity of sunlight was measured every 30 min by using LT-

This journal is © The Royal Society of Chemistry 2012
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BFO/PVP solution

BFO/PVP solution
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Electrified jet Electrified jet
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Fig. 2 Schematic representation of the electrospinning process and the
photographic images of BFO (a) Fibrous mesh in plate collector, (b) As-spun
mesh (c) Annealed mesh, (d) Fiber mat in drum collector, (e) As-spun mat, (f)
Annealed mat.

Physical Chemistry Chemical Physics

ARTICLE

2. 4. Estimation of hydroxyl radicals

The efficiency of hydroxyl radical production by the BFO
1D nanostructures was estimated using PL technique,”® where
the terephthalic acid (TA) was used as a probe molecule. This
mechanism involves the conversion of TA into a fluorescent
molecule, 2-hydroxyterephthalic acid (HTA) via their reaction
with OH radicals that produced by the photocatalyst?® as shown
in Fig. 3.

COOH uv@ COOH
315
nm"l/\/" OH
+ -OH - Fluorescent
Non-fluorescent @ 425 nm
COOH COOH

terephthalic acid 2-hydroxyterephthalic acid

Fig. 3 Formation of fluorescent 2-hydroxyterephthalic acid via the reaction of
OH radicals with terephthalic acid.

Lutron LX-10/A digital Lux meter (TES Electrical Electronic
Corp. Taiwan), wherein the average intensity of sunlight was
monitored to be 1.2 x 10° £+ 100 lux.

2. 3. Materials characterizations

The fabricated materials were characterized for their
thermal analysis by thermo-gravimetric analyzer (TGA-
NETZSCH STA 449 F1 Jupiter), structural analysis by X-ray
(XRD-PANalytical
chemical state analysis by X-ray photoelectron spectroscopy

diffraction  technique Instruments),
(XPS-Omicron Nanotechnologies), morphological analysis by
field emission scanning electron microscope (FESEM-Hitachi
HighTech SU6600), high resolution transmission electron
microscope (HRTEM-Techni G2 S-TWIN, FEI), magnetic
characteristics by super conducting quantum interference
device magnetometer (SQUID-Quantum Design) and optical

characteristics by UV-Visible absorption/diffuse reflectance

spectroscope  (UV-Vis  Abs/DRS-Perkin  Elmer). The
photoluminescence studies were carried out by using
photoluminescence spectrophotometer (PL-HORIBA Jobin

Yvon's LabRAM systems) to probe the generation of OH
radicals by the samples.

This journal is © The Royal Society of Chemistry 2012

In the typical procedure, 0.1 mmol TA was dissolved in 100
ml NaOH aqueous solution to make 100 ml of 0.025 mmol TA
solution, and then 0.25 g of photocatalyst was added to that 100
ml TA solution. The solution was sonicated for several minutes
under dark condition and then exposed under the sunlight. The
reacted solution was centrifuged to separate the catalyst and
performed the
spectrophotometer with the excitation wavelength of 315 nm.

PL measurements using fluorescence

3. Results and discussions

3. 1. Thermo-gravimetric Analysis (TGA)

The thermo-gravimetric (TG) weight loss of the as-spun
BFO/PVP aligned fiber mat and fibrous mesh were recorded in
the temperature range from 30 °C to 1000 °C and the graphs are
displayed in Fig. 4.

——BFO Mat
—BFO Mesh

100 -

904 ~30-150 °C

80+

70
~150-350 °C

eight loss (%)

60

O 504
L ]

40 | ~ 350500 °c

30

150 300 450 600 750 900
Temperature (°C)

Fig. 4 Thermo-gravimetric weight loss curves of as-spun BFO mat and mesh.
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The TG curves showed three stages of weight loss in the
temperature range 30 °C — 150 °C, 150 °C — 350 °C and 350 °C
— 500 °C. However, there is a noticeable difference in the
curves that may be associated with the distribution of PVP in
the as-spun samples. It is possible that the distribution of PVP
molecules would be large and uneven in the as-spun mesh
compared to the fibers because of their deposition mode on the
This can be corroborated with the obtained
photographic images of the as-spun samples as shown in Fig.
2(b) & (e), where the collection of fibers in the plate collector
leads to a direct deposition of fibers and establishes a random
interaction between the overlapped layers. On the other hand,
the drum collector collects the fibers that are akin to the
weaving process, where it may induce internal strains in the
fibers and also lead to an ordered alignment of the fibers.
Therefore, the difference in the obtained TG curves would be
due to the uneven decomposition of PVP molecules from the
as-spun samples.

The first decomposition stage between 30 °C — 150 °C is
due to the release of adsorbed water from the BFO/PVP
fibers.?! The second decomposition in the temperature range
150 °C — 350 °C, is the decomposition temperature range of
PVP, where the breaking of the side groups of PVP
(pyrrolidone) takes place.?' The third decomposition stage in
the temperatures between 350 °C — 500 °C could be due to the
combustion and removal of the carbonized residues of PVP
along with further decomposition of BFO.?* Finally, the plateau
region observed in the temperature range from 500 °C — 1000
OC indicates that there are no residues to be decomposed
further. Therefore, the annealing parameters such as the
annealing temperature and time were optimized to be 550 °C
and 2 h respectively for both the samples towards the required
phase formation.

collector.

3. 2. Phase and crystal structure analysis

The crystal phase and structure identification of the
annealed BFO mat and mesh nanostructures were carried out
using XRD technique and the obtained patterns are shown in

Fig. 5(a)-(b).

(a) BFO Mesh
(b) BFO Mesh
3 -
S BFO Mat |3 e
- a
2 z
@ i _
3 s g
E E g JCPDS Card #71-2494
=l |s S __ JCPDS Card #71-2494 =
= oz g g @ -
I N T el
e (=3 =y @x
© e S 31.2 31.6 32.0 324 328
g I |r 5 20 (Deg.)
1
20 30 40 50 60
26 (Deg.)

Fig. 5 XRD pattern of (a) BFO mat and mesh, (b) shift and merge in the doublet
peaks.

The XRD patterns and indexed peaks are well matched to
the JCPDS card #71-2494, from which the phase and crystal

4| J. Name., 2012, 00, 1-3

structure of these 1D nanostructures were found to be
perovskite BiFeO; and distorted rhombohedral structure with
R3c space group respectively.”The crystallite size of the
fabricated BFO mat and mesh was calculated by using
Scherrer’s formula (¢ = 0.9 A/f cos ©) and found to be 23 and
27 nm respectively. Further, the structural information such as
lattice parameters (a=b, ¢) and cell volume (V) were calculated
from the obtained XRD patterns using software (X’pert High
Score) supplied with the X-ray diffractometer and the values
are given in Table 1.

Table 1. Calculated structural parameters (a=b, c), cell volume (¥), micro
strain (¢) and crystallite size (#) of BFO mat and mesh nanostructures.

Lattice Cell . .
Material parameters volume s tlrilicn"()s) sCi;ZS(tgl:::s
a=b c )
BFO Mat | 5.581 | 13.812 430.21 0.3658 23
BFO Mesh | 5.584 | 13.679 426.53 0.3039 27

The peak merge and shift observed in doublet peak [(104),
(110)] as compared to the JCPDS peaks, as shown in Fig. 4(b)
indicate the reduced structural distortion in the rhombohedral
structure of perovskite BFO. These doublet peaks may further
coalesce into a single peak (200) that result in the cubic phase.”*
In addition to this, the decrement observed in the lattice
parameter value (¢) for BFO mesh compared to that of the mat
may also be attributed to the reduced structural distortions,
where such observations were reported in the particle size
dependent studies on BFO.*

3. 3. Chemical state analysis

The chemical oxidation state of the elements in BFO mat
and mesh was investigated using XPS technique and the
corresponding spectra are shown in Fig. 6(a)-(d).

From the doublet peak of Bi 4f (Fig. 6(b)) that appeared at
the BE 158.7 eV, 163.8 eV for mat and 158.3 eV, 163.5 eV for
mesh corresponding to Bi 4f;, and Bi 4fs5;, confirmed that the
Bi ions possess the native oxidation state of +3. In addition, the
calculated spin-orbit splitting energy (AE) of these doublet Bi
4f lines is around 5.2 eV, which is also consistent with the
reported theoretical value of 5.4 eV.* In BFO, the oxidation
state of Fe ions are volatile compared to other elements and it
often possesses multiple oxidation states that primarily
indicates the existence of defects such as oxygen vacancies in
BFO.%® In a stoichiometric BFO, the stable oxidation state of Fe
is +3, which is examined in the obtained Fe spectra of BFO mat
and mesh shown in Fig. 6(c). The main peaks that appeared at
the BE 711.2 eV, 725.1 eV for mat and at 710.8 eV, and 724.5
eV for mesh corresponding to Fe 2ps3, and Fe 2p;,, evidenced
the stable +3 oxidation state of Fe ions. Further, the spin-orbit
splitting energy of Fe 2ps, and Fe 2p,), is calculated to be ~
13.6 eV which further confirms +3 oxidation state of Fe ions.?
Similarly, the O 1s spectra of BFO mat and mesh obtained are
found to be asymmetric and are presented in Fig. 6(d). In BFO,
any imbalances that occur in its stoichiometric ratio causes the

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 XPS spectra of BFO mat and mesh, (a) Survey spectra, (b) Bi 4f, (c) Fe 2p

and (d) O 1s.

changes in the oxidation state of the elements. This eventually
induces defects in the BFO and they are often found to be
oxygen vacancies.?’

Accordingly, the fitted oxygen spectra, as shown in Fig.
6(d), reveals the peaks corresponding to lattice oxygen (O ) and
chemisorbed oxygen/other species (O¢) on the surface of these
nanostructures. The peaks appeared at BE 530.1 eV, 531.9 eV
for mat and 530.4 eV, 532.3 eV for mesh reveal the existence
of lattice (Op) and chemisorbed oxygen species (Oc¢)
respectively. It should be noted that the peak corresponding to
oxygen vacancy (Oy) that appears at the BE around 531.2 eV,
the spectra, which indicates the
stoichiometric ratio of oxygen in these nanostructures.”® As the

is not observed in
XPS analysis fundamentally helps in investigating the chemical
state and associated defect structures in the materials, the
results that are obtained suggest that these BFO mat and mesh
nanostructures are stoichiometric with appropriate stable
oxidation state and thereof the properties observed could be
attributed to their characteristics of these
nanostructures and not due to the defect structures.

intrinsic

3. 4. Morphology analysis

The FESEM images of BFO mat and mesh nanostructures
are shown in Fig. 7(a)-(d). The micrographs indicate that the
major difference between the mat and mesh was their
alignments, where the former is found to be orderly aligned and
the later is randomly oriented. This can also be corroborated
with the as-spun mesh and fibers of BFO as shown in Fig. 2(b)
and (e).

It is apparently evident that the drum and plate collectors
facilitate the formation of aligned fiber mat and fibrous mesh
like nanostructures of BFO respectively. Further, it should also
be noted that the formation of BFO phase and fiber morphology
is driven by the annealing process as well. The PVP in these as-
spun samples acts as a sacrificial template for the formation and
growth of the 1D structures. Further, the surface texture and

This journal is © The Royal Society of Chemistry 2012

size of these 1D nanostructures imaged using HRTEM are
shown in Fig. 8(a)-(d). The diameter of the fibers in the mat and
mesh structure is found to be 150 nm — 300 nm and 100 nm —
200 nm respectively. The surface texture of the mat and mesh is
dependent on the removal process of PVP molecules from the
fibers during the annealing process and it is found to be smooth
for the mat and uneven in the case of mesh.”

The selected area electron diffraction (SAED) patterns of
the mat and mesh are shown in the inset images of Fig. 8(a) &
(c). SAED patterns appeared to be diffused rings with
superimposed spots revealing the crystallite nature of the
samples, the increased spots further indicating the random and
complex distribution of crystallites in the mesh.*

Fig. 8 HRTEM micrographs of (a)-(b) Mat and (c)-(d) Mesh. Insert image in (a) &
(c) shows the SAED pattern of the respective material.

J. Name., 2012, 00, 1-3 | 5
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3. 5. Estimation of band gap energy

The band gap energy of the fabricated BFO mat and mesh
nanostructures was estimated from their DRS graphs by
applying Kubelka-Munk (KM) function®' as shown in Fig. 9
and its inset image respectively.

9.6 ——BFO Mat
— 60+ o ——BFO Mesh
E\i 15 841
o 5042 7,
Qo 2
: h * -
© ) BN, Eg=244eV
L 40{= g=2i39'e
= e ‘ BFO Mat
= . N -
o 30 - 8 2.()Energyz'(aeV) 28 ———BFO Mesh
?
b= |
£ 20-
()
10
T T T T
300 450 600 750

Wavelength (nm)

Fig. 9 Diffuse reflectance spectrum of BFO mat and mesh; Insert image shows
the Kubelka-Munk (KM) plot to deduce their band gap energy.

From the KM plot, the band gap energy for BFO mat and
mesh was estimated to be 2.44 eV and 2.39 eV respectively.
The general strategies adopted to control the band gap energy
of materials are to modify them chemically or reduce their
particle size. In BFO, the formation of band gap energy is due
to the overlapping of Fe 3d and O 2p states.”’ Hence, any
influence over the compositional (e.g. oxygen vacancy,
substitution, etc.) or the structural characteristics may affect the
electronic structure of BFO and thereby it leads to the alteration
in the band gap energy.®® On the other hand, controlling
size/morphology of BFO would also influence the band gap
energy.”* Therefore, the band gap decrement observed in the
mesh could be attributed to its increased crystallite size
compared to that of the mat.

In addition, it is also possible that the influence over the
electronic structure of BFO would be affected due to the
structural changes owing to the 1D nanostructures as suggested
from their XRD patterns. Such structural distortions essentially
alter the bond angle in the system. In this perspective, the band
gap increment found in the case of mat could be attributed to
the lattice distortion owing to the alteration in the rotation of
FeO, octahedra in the unit cells.*® Such modifications might
also influence the band edge positions that lead to an increase
or decrease in the band gap energy of nanostructures.

3. 6. Magnetic property analysis

The room temperature field dependent magnetic properties
(M-H hysteresis) of the fabricated BFO mat and mesh were
studied by SQUID and the results are shown in Fig. 10.

6 | J. Name., 2012, 00, 1-3
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Fig. 10 Room temperature field dependent (M-H) hysteresis curve of BFO mat
and mesh; Insert images show the manifestation of net magnetic moments due
to the emergence of canted spins in BFO.

The M-H curve indicates the weak ferromagnetic nature of
the samples. However, the magnetic property of BFO mesh is
found to be slightly improved compared to the mat. It is known
that the bulk BFO is an anti-ferromagnet (AFM) and it shows
weak-ferromagnetism (FM) when the size is reduced to
nanoscale. The manifestation of this weak FM at nanoscale
BFO is essentially originating by canted spins that emerge due
to the suppression of cycloidal spin structures in BFO.*® The
canted spins induced magnetic moments in BFO could be
explained  through the  Dzyaloshinskii-Moriya (DM)
interactions.’” According to DM interactions, canted spins
structures are caused by the combined actions of antisymmetric
coupling and exchange interactions as shown in the inset of Fig.
10. Therefore, the origin of the weak-FM observed in the BFO
mat and mesh could be their canted spin structures, which
emerge due to the suppression of cycloidal spin structures
facilitated by their 1D nanostructuring. This is possible as these
structures are made up of inter-connected crystallites with
enhanced easy axis of magnetization that leads to a long-range
order of canted spins on the surface and become more
influential to the applied magnetic field.

Further to this phenomenon, the DM interactions in spin
canted materials also favour the ferroelectric polarizations in
multiferroic and magneto-electric materials.®® As the net
magnetic moments emerge due to the canted spins, the canting
angle of electronic spins influences the ferroelectric
polarizations in the materials. The relationship between the
magnetization (M), spontaneous electric polarization (P) and
canting angle ( ¢) is given in the equations (1)-(3)*’.

M =4raP €8

M = ﬂﬂgNS sin ¢ 2)

P= (ﬂﬂgNS/4ﬂa)sin¢ 3)
Where, fis magneto-electric susceptibility, u 5 is

magnetic dipole moment of the element, g ~ 2 is the
gyromagnetic ratio, N is the number of spins per unit volume

This journal is © The Royal Society of Chemistry 2012
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and S is the magnetic spin. It is evident from equation (3) that
the polarization is directly proportional to the canting angle,
where the existence and/or the alternation in canting angle (¢)
induces the ferroelectric polarization in the materials.
Therefore, the magnetic enhancement observed in the mesh
may be associated with its ferroelectric properties, as BFO
exhibits room temperature magnetic-ferroelectric properties.
This phenomenon is known as ferroelectrically induced
ferromagnetism.>* It should be noted that the ferroelectric
properties of BFO significantly favour the photocatalytic
process and the improved magnetic property was also found to
be favouring their separation from the dye medium towards

their reusability, which is described in Section 3.7.

3. 7. Photocatalytic activities

Towards an application perspective, the fabricated BFO mat
and mesh were investigated for their photocatalytic ability to
degrade the organic dye methylene blue (MB) under the direct
sunlight. 11(a)-(¢) shows the
photocatalytic degradation spectra of MB dye by the mat and
mesh and their photocatalytic reusability efficiency (C/Cj ratio)
curves respectively.

irradiation  of Figure
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3.7.1. PHOTOCATALYTIC MECHANISM: Figure 12(a)-(b) shows
the PL spectra of the TA solution after reacted with the BFO
mat and mesh nanostructures respectively for 4 h under the
direct sunlight irradiation. The curve corresponding to the
‘blank’ indicates no emission from the TA solution. The
subsequent curves show a peak at 425 nm that reveals the
presence of HTA, which converted from TA upon its reaction
with OH produced by the BFO photocatalyst. The observed
enhancement in the intensity of the peaks could be ascribed to
the enhanced production of OH radicals with increasing time. It
should be noted that the PL intensity of BFO mesh-TA solution
is found to be enhanced compared to mat-TA. This shows that
the meshes have higher efficiencies for OH radical production
than that of the mats.
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Fig. 11 Photocatalytic degradation spectra of methylene blue (MB) dye by BFO
(a) Mat (b) Mesh, (c) their C/C, ratio graphs and (d) photographic images show
the dispersion of BFO mat in MB solution and their separation by using magnet
as well as manually using forceps.
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It is evident from the C/C, graphs that at the end of 4 h of
sunlight irradiation, the BFO mat and mesh degraded around
83% and 96% of dye respectively. The recovering process of
the mat and mesh from the dye medium was found to be
relatively easier due to their magnetically attractive property
and as they were sheets/strips in nature, they could also be
taken out using forceps as demonstrated in Fig. 11(d). The
photocatalytic reusability efficiency of the samples was found
to be consistent during repeatability tests, which indicated the
stability of the BFO mat and mesh towards their reusability in
their photocatalytic applications.

This journal is © The Royal Society of Chemistry 2012

When the photons fall on the photocatalyst, the electrons in
valence band (VB) are excited to the conduction band (CB),
inducing the production of electron-hole (e /h") pairs. These
photo-induced e /h* further perform subsequent redox reactions
to generate reactive species. However, the redox reactions are
greatly associated to the CB and VB edge potentials of
photocatalyst. The CB and VB potential of these fabricated 1D
BFO nanostructures can be deduced from the Eq. (1)-(2).*

ey
@3

EVB:X_ Ee+0.5 Eg
Ecp=Epp — Eg

where, X is the absolute electronegativity of the semiconductor,
E° is the energy of free electrons on the hydrogen scale (~4.5
eV), and E, is the band-gap energy of the semiconductor. The
value of X for BiFeOj is obtained, by the arithmetic mean of the
electron affinity and the first ionization of the constituent atoms
reported in the literatures,* to be 5.93 eV. Thus, the CB and
VB potentials of BFO mat are calculated to be 0.31 eV and 2.75
eV and for the mesh 0.33 eV and 2.72 eV respectively as shown
in Fig. 13. It can be seen that the VB potential of these BFO
nanostructures is more positive than the redox potential of
OH /'OH (+1.9 V/NHE), signifying that the photogenerated
holes have strong oxidative capability and they can oxide OH"
into "'OH. However, the CB potential is not negative enough to
reduce O, to O, (—0.33 V/NHE) via electrons (Fig. 13).*?
Thus, it is reasonable that "OH radicals that
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Fig. 13 Calculated valence and conduction edge potential of BFO mesh and mat
nanostructures.

produced as result of the reaction between the photo-induced h*
with OH are the core reactive species responsible for the
degradation of the dye. The degradation path way of the dye
molecules could be given as the following Eqgs. (1)-(4).

BiFeO; +hv > e, + h'y, ¢))
h",, + OH - *OH 2)
Dye + *OH > Dye’* + H,0O 3)
Dye + h',;, > Dye®+ = degradation products (@)

Therefore, the effective separation of charge carriers and
rich availability of holes are the major cause of the observed
enhanced photocatalytic activity of the BiFeO; nanostructures.

The relative photocatalytic enhancement of BFO mesh
could also be attributed to its intrinsic properties and the
enhanced interaction with the surrounding dye molecules. It is
evident from the micrographs that the BFO mesh is found to be
complex in nature that might have led the dye molecules to be
strongly adsorbed on its surface. Consequently, it was found
during the photocatalytic experiment that the mesh was largely
dispersed in the dye medium compared to the mat. These
observations essentially showed the enhanced interaction of
mesh with the surrounding liquid medium and hence with the
dye molecules. Such a possibility leads to the BFO mesh
having more number of reactive sites compared to the mat. In
addition, as BFO mesh, with loosely packed structure, has
improved surface interaction with dye molecules, the photo-
generated carriers are effectively separated and participated in
the surface This suppress the
recombination of e /h" and increase the production of ‘OH

redox reactions. could
radicals through the generated holes. Hence, better surface
adsorption and improved catalytic activity of mesh led to the
enhanced degradation efficiency as compared to the mat
morphology.

Apart from such physical the

photocatalyst and dye molecules, the intrinsic properties of the

interactions between

8 | J. Name., 2012, 00, 1-3

(b) Vacuum level
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Fig. 14 Schematic representation of the band bending process in BFO
nanostructures during (a) before and (b) after contact with the dye medium
that depicts the bending phenomenon and surface polarization mediated
transportation of excited charge carriers in these 1D BFO nanostructures.

mesh, such as smaller band gap energy and possible reduced
distortions in the crystal structure also play a significant role in
the photocatalytic enhancements.*® Tt is inferred from the XRD
and magnetization results that the reduced structural distortion
as manifested in BFO mesh as well as its enhanced magnetic
properties, which is ascribed as the ferroelectrically induced
electrical
polarization property that essentially resulted in reduced

ferromagnetism, might have influenced its
recombination possibilities in BFO mesh compared to mat.*
The process of band bending phenomenon induced charge
carrier manipulations in BFO is a tremendous possibility in the
photocatalytic process. It offers control over the -carrier
transportation in photocatalytic process via the band bending
phenomenon where the band edge positions (valence band and
conduction band) of the photocatalyst would be bent at the
photocatalyst-dye interface region*’ as depicted in Fig. 14(a)-
(b). Under

conduction band of the photocatalyst would be further

such circumstances, the carriers excited to
facilitated to move towards the surfaces and thus enhance the
catalytic reactions. The band bending process creates a ‘lane’
for the transportation of charges carriers that essentially reduces
the recombination process as well*® (Fig. 14(b)). Moreover, as
these 1D inter-connected
nanocrystallites facilitate the carrier diffusion in the materials,

structures with closely packed

it also increases the recombination resistance in these 1D
nanostructures.”’” As BFO is a multiferroic material, the
polarization charges on the BFO surface also favours the
adsorption of dye molecules as well as enhances the charge
interactions at the interfaces*® (Fig. 14(b)). Furthermore, the
reduced band gap energy also ensured that the BFO mesh
would be more receptive to the visible light compared to BFO
mat. Thereby, the reduced band gap energy along with the
enhanced band bending processes in BFO mesh collectively
accelerated the production of more number of reactive species
and degraded the dye effectively.

4. Conclusion

Bismuth ferrite fibrous mat and mesh nanostructures were
fabricated through the electrospinning technique wherein their

This journal is © The Royal Society of Chemistry 2012
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formation was essentially mediated by the collector types such
as drum and plate respectively. The thermo-gravimetric weight
loss curves indicated the characteristic decomposition of the as-
spun samples, through which the suitable annealing temperature
was estimated for the phase formation of the materials. The
phase and crystal structure of the fabricated 1D nanostructures
were indentified to be BiFeO; with rhombohedral crystal
structure. XPS studies revealed that the characteristic binding
energy of the respective elements confirmed the existence of
elements with native oxidation states with stoichiometric ratio
of BiFeO; phase. The FESEM and HRTEM analyses revealed
the aligned structure of fibrous mat and random distribution of
the mesh. The average size of the fibers in the mat and mesh
was found to be 200 nm and 150 nm respectively. Optical band
gap energies of mat and mesh were found to be 2.44 eV and
2.39 eV respectively. The magnetic property analysis by
SQUID suggested that the origin of the magnetic properties
found in these 1D nanostructures could be due to the emergence
of canted spins that were manifested by the suppression of
cycloidal spin structures. The magnetic properties of the
nanostructures are also ascribed to the ferroelectrically induced
could be
in the

ferromagnetism as the spin canted structures
associated with the DM

enhancement of electrical polarization property of BFO. The

interaction that favours

photocatalytic degradation of mesh was found to be greater
compared to the mat, which could be essentially attributed to its
intrinsic properties such as reduced band gap energy, enhanced
production of ‘OH radicals, semiconductor band-bending
process as well as the enhanced interaction between the BFO
mesh and dye molecules. The reusability studies further
confirmed the enhanced stability of both the mat and mesh

nanostructures of BFO.
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