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Particulates Vs fibers: Dimension featured 

magnetic and visible light driven photocatalytic 

properties of Sc modified multiferroic bismuth 

ferrite nanostructures 

M. Sakar,a S. Balakumar,a,* P. Saravanan,b S. Bharathkumara 

We report the magnetic and visible light driven photocatalytic properties of scandium (Sc) substituted 

bismuth ferrite (BSFO) particulates and fibers nanostructures. The increasing concentration of Sc was 

found to reduce the crystallite, particle size and band gap energy of BSFO nanostructures, which was 

evident from X-ray diffraction, field emission scanning electron microscopy and UV-Visible diffuse 

reflectance spectroscopy analysis respectively. The temperature dependent magnetic studies carried 

out by using SQUID magnetometer suggested that the origin of magnetic properties in pure BFO 

system could be the emergence of antiferromagnetic-core/ferromagnetic-shell like structure, whereas 

the modified spin canted structures in the case of BSFO nanostructures. The observed photocatalytic 

efficiency was attributed to the enhanced band bending process and recombination resistance in these 

BSFO nanostructures. For a comparative study, the photocatalytic activities of some selected 

compositions were also investigated under the simulated solar light along with the natural solar light. 

 

1. Introduction 

The coexistence of two or more primary ferroic orders in a 
single phase material is known as multiferroics which has 
drawn significant attention in many fields, to name a few, 
magnetic storage, spintronics, transducers and four stage 
memory device applications.1,2 In the perspective of 
fundamental physics, the embodiment of magnetic and 
ferroelectric properties in a single phase material is an atypical 
phenomenon since the spin of the electrons governs the 
magnetic properties and the charge of electrons or ions is 
responsible for electrical polarization in materials.3 In other 
words, the typical magnetic materials are often metallic and 
ferroelectric materials are likely insulators and therefore it is 
relatively hard to achieve such blend of phenomena holding up 
both properties in a single phase state of a material. 
Nevertheless, this has been phenomenally manifested in the 
multiferroic materials wherein these two properties have 
emerged via controlling the population of electrons in ‘d‘ shell.4 
For instance, the filled ‘d’ shell leads to ferroelectricity while 
the empty ‘d’ shell causes magnetism in the multiferroic 
materials.5-8 
 Towards understanding the phenomena of multiferroics, 
bismuth ferrite (BiFeO3-BFO), is realized to be a prototypical 
multiferroic material that shows spontaneous ferroelectricity 

and antiferromagnetism at room temperature.9 BFO is a 
perovskite structured material belonging to rhombohedral 
crystal system with R3c space group and possess very high anti-
ferromagnetic Neel (TN) and ferroelectric Curie (Tc) 
temperatures around 643 K and 1100 K, respectively.10 The 
ferroelectric property in BFO emerges due to the off-centred 
distortion of Fe ions, originates by 6s2 lone pair electrons of 
Bi3+ ions in its non-centrosymmetric rhombohedral structure. 
Similarly, the magnetic property appears due to the partially 
filled 3d orbital of Fe3+ ions that lead to G-type canted 
antiferromagnetic order with an incommensurated spin 
structure with the wavelength period of 62 nm.11, 12 In addition 
to its multiferroic features, in recent years, BFO is also being 
extensively investigated for its photo-driven properties towards 
photovoltaic (PV) and photocatalytic (PC) applications owing 
to its optimum band gap energy (~2.2 eV) that capable of 
driven by the visible light.13 The PC property of BFO is 
considered as one of the appealing features that can be 
potentially used for water-splitting process to produce hydrogen 
and environment cleaning application via degrading organic 
dyes, etc.14 Therefore, customizing materials’ property is 
required for the effective utilization of materials for the intent 
applications. In this context, the origin of photo-driven property 
in BFO can be investigated in the perspective of a ‘ferroic-
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semiconductor’, where it is characterized by its inherent inter-
coupled magnetic and ferroelectric properties.15 Enhancing its 
ferroelectric properties helps BFO by prolonging the charge 
separation during the depolarization of electric field that 
significantly reduces the recombination effect in BFO through a 
process known as band bending phenomenon.16-18 
 In addition to the materials’ unique inherent and external 
modifications-induced properties, their enhanced photocatalytic 
activity is also dependent upon the structure parameters such as 
size and dimension of the materials.19 One dimensional (1D) 
nanostructures show enhanced physical and chemical properties 
owing to their fettered and unfettered dimensions where a 
synergic quantum and bulk effect can be observed in their 
physical and chemical properties.20 It is anticipated that the 
dimension dependent physical properties of materials can be 
clearly perceived in the case of a comparative study carried out 
on one-dimensional vs. particulate systems. In this context, here 
we report our results on the magnetic and natural and simulated 
solar-light driven photocatalytic studies of scandium (Sc) 
substituted BFO particulate and fiber nanostructures.  
 The selection of Sc as well as the substitution site is because 
of the following factors which are revealed through the first-
principle density functional theory calculations by Zhen Zhang, 
et al.21 They have reported that (i) the substitution of Sc3+ ions 
in ‘Bi’ site causes very large off-center displacement and gives 
rise to a stronger ferroelectricity, (ii) Due to small ionic radius 
(RBi

3+ = 1.24 Å, RSc
3+ = 0.92 Å) and larger electronegativity 

difference of Sc-O (2.08) compared to Bi-O (1.42), causes 
stronger Sc-O hybridization, and (iii) Sc substitution also 
reduces the band gap energy of BFO owing to the Fe-O-Fe 
super-transfer mechanism resulting from the overlapping of 
conduction band (Sc 3d states) and valence band (O 2p states). 
Within the scope of our studies, it is expected that the above 
theoretical results on Sc substituted BFO would be supportive 
for the experimental characterization of their magnetic and 
photocatalytic properties. In which, (i) the structural distortion 
and hybridization would enhance the ferroelectric and magnetic 
properties, (ii) the ferroelectric enhancement would facilitate 
the recombination delay, and (iii) reducing band gap energy 
would induce visible light absorption of BFO, and a consequent 
enhancement in their photocatalytic properties. Nevertheless, 
there are hardly experimental reports available on the 
investigation of Sc substituted BFO nanoparticles and no 
reports available on Sc substituted BFO nanofibers and their 
visible light driven photocatalytic properties hitherto. 
 It could be seen that BFO is recently explored for their 
photo-driven properties, which has the potential that could be 
realized to be a next generation photocatalytic material. 
Compare to the conventional photocatalysts, which are 
typically semiconductors, BFO as being a multiferroic-
semiconductor would open up new possibilities in the field of 
photocatalysis. Therefore, the novelty of the reported work 
involves that to study the simultaneous response of BFO during 
its modification in its dimension such as particulates and fibers, 
as well as its compositional modifications such as rare earth 
substitutions. Similarly, towards industrial scale applications, it 

would be essential to explore their photocatalytic properties 
under both natural and simulated solar lights. Further, the 
phenomenon involved in the photocatalytic process of BFO is 
appealing in terms of its ferroelectric band bending process, 
which is possibly giving new insights into the positioning of 
their band edges towards photocatalytic water splitting 
applications for the hydrogen generation. 

2. Experimental 

The reagents used for the synthesis were of high-purity bismuth 
nitrate [Bi(NO3)3·6H2O] (Puratronic®, 99.999%), iron nitrate 
[Fe(NO3)3·9H2O] (Puratronic®, 99.999%), and scandium 
nitrate [Sc(NO3)3 5H2O] (REacton®, 99.99%) procured from 
commercial resources (Alfa Aesar). All the fabrication 
processes were carried out under ambient conditions. 

2.1. Synthesis of Bi1-xScxFeO3 nanoparticulates 

The conventional sol-gel method was employed for the 
synthesis of Bi1-xScxFeO3, (where x = 0.0, 0.05, 0.10, 0.15, 
0.20, 0.25) nanoparticulates (NPS) as reported previously.22 In a 
typical procedure for pure BFO particulates, the equivalent 
grams of 0.1 M bismuth nitrate and iron nitrate precursors were 
taken in 30 ml of de-ionized water and completely dissolved by 
adding 2 ml of 70% concentrated nitric acid (HNO3). To this 
0.1 M of citric acid (C6H8O7) was added to obtain a 
homogeneous sol. Then this sol was heated up to ~80 ⁰C to 
obtain the gel and dried to powders. The same procedure was 
repeated by adjusting the amount of bismuth nitrate and adding 
the appropriate substitution amount of scandium nitrate as per 
the composition formula to obtain the Sc substituted BFO 
particulates. Finally, all the synthesized as-prepared powders 
were annealed at 650 ⁰C for 3 h to obtain the phase BFO.  

2.2. Fabrication of Bi1-xSc
x
FeO3 nanofibers 

The nanofibers (NFs) of Bi1-xScxFeO3 (where x = 0, 0.05, 0.1 
and 0.15) were fabricated by electrospinning method by slightly 
modifying the procedure which we previously reported.23 In the 
process, for pure BFO fibers, equivalent grams of 0.8 M 
bismuth nitrate and iron nitrate precursors were taken in 10 ml 
solution mixture of glacial acetic acid (C2H4O2) and de-ionized 
water to obtain a homogenous sol. To this, 1 g of polyvinyl 
pyrrolidone (PVP - M.W. 13, 00, 000) was added and stirred 
for 6 h to get a homogenous final precursor gel like solution for 
the electrospinning process. Then, this solution was loaded in a 
stainless steel needled plastic syringe and connected to a high 
voltage of 15 kV with the solution flow rate of 0.2 ml/h. An 
aluminium foil spread-fiber collector was kept at a distance of 
12 cm from the needle to collect the fibers. The same procedure 
was repeated by adjusting the amount of bismuth nitrate and 
adding the appropriate substitution amount of scandium nitrate 
as per the composition formula of the materials to obtain the Sc 
substituted BFO nanofibers. Subsequently, the as-electrospun 
B(Sc)FO/PVP fibers were collected and annealed at 550 ⁰C for 
2 h to obtain the phase BFO. 
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Fig. 1 XRD pattern of (a) Bi1-xScxFeO3 particulate compositions and (b) observed 

peak shift in the doublet peaks. 

2.3. Photocatalytic experiment 

The photocatalytic activity of the fabricated pure and Sc 
substituted BFO particulate and fiber nanostructures were 
studied under sunlight on the degradation methylene blue (MB) 
dye. In the experiment, 5 mg of photocatalyst was taken in a 
100 ml of MB solution from the stock of 10 mg/L and kept 
under the irradiation of direct sunlight. The subsequent 
degradation of MB was recorded in periodical intervals by 
using UV-Visible absorption spectrometer. Throughout the 
experiment, the intensity of sunlight was measured for every 30 
min, and the average sunlight intensity over the duration of 
each experiment was also calculated. The intensity of sunlight 
was measured using LT-Lutron LX-10/A digital Lux meter and 
the intensity was 1.2 x 105 ± 100 lux. 
 For a comparative study, the photocatalytic activity of the 
selected samples was also investigated under the simulated 
solar light source. No filters were used to avoid the UV and IR 
wavelengths as to nearly mimic the spectrum of natural solar-
light. A 500 W arc Xe lamp with an AM 1.5 was used as the 
simulated solar-light source. The intensity of simulator solar 
light was found to be ~ 0.9 x 105 lux. The dye-catalyst solution 
average temperature was found to be around 28 ± 1 ⁰C and 30 ± 
1 ⁰C under solar and simulated solar light irradiations 
respectively.  

2.4. Materials characterizations 

 All the fabricated Bi1-xScxFeO3 particulate and fiber 
compositions were characterized for their crystal structure and 
phase analysis by X-ray diffraction technique (XRD-
PANalytical Instruments), chemical oxidation state analysis by 
X-ray photoelectron spectroscopy (XPS-Omicron 
Nanotechnologies) techniques. The morphology analysis was 
carried out using the field emission scanning electron 
microscopy (FESEM-Hitachi HighTech SU6600), and high 
resolution transmission electron microscopy (HRTEM-Techni 
G2 S-TWIN, FEI) techniques. Magnetic properties such as field 
and temperature dependent magnetizations were characterized 
using the super conducting quantum interference device 
(SQUID-Quantum Design). Band gap energy was estimated 
using the UV-Visible diffuse reflectance spectroscopy 
technique. Further, the optical absorption properties and 
photocatalytic experiments were  

 
Fig. 2 XRD pattern of (a) Bi1-xScxFeO3 fiber compositions and (b) observed peak 

shift in the doublet peaks. 

carried out using the UV-Visible absorption spectroscope (UV-
Vis Abs/DRS-Perkin Elmer). 

3. Results and Discussions 

3.1. Crystal structure analysis 

The powder X-ray diffraction pattern of Bi1-xScxFeO3 (BSFO) 
particulates (where x=0.0, 0.05, 0.10, 0.15, 0.20, 0.25) and fiber 
nanostructures (where x=0.0, 0.05, 0.10, 0.15) are shown in 
Fig. 1(a) and 2(a), respectively. All the diffraction peaks are 
well indexed to rhombohedral structure (R3c space group) of 
BiFeO3 phase (JCPDS Card No. 71-2494). It is evident from 
the XRD patterns that no additional peaks corresponding to the 
typical secondary or impurity phases appeared in pure and Sc 
substituted BFO particulates and fiber systems up to 15% 
concentration of Sc in the BFO host. However, the secondary 
phase Bi2Fe4O9 was formed along with BFO phase when the 
concentration of Sc was increased to 20% and 25% in the 
particulate system. It is noteworthy that such secondary phase 
appeared in the case of sol-gel synthesized thin films24 and 
sonochemically25 synthesized nanoparticles of Sc-BFO even at 
5% and 10% Sc substitution in BFO host, respectively. 
Accordingly, we propose that our synthesis method is relatively 
effective for the substitution of Sc at higher concentrations. 
 On the other hand, we found difficulties during the 
fabrication of Sc substituted BFO fibers at higher 
concentrations (x ≥ 0.2), where the as-spun fiber formation was 
itself too meagre and sticky, even though the parameters such 
as solution viscosity, applied voltage were varied 
systematically. It is known that the electrospinning solution is 
basically ionic and its interaction with applied voltage is very 
basis for the fiber formation. Therefore, we believed that the 
introduction of rare earth ions beyond certain concentrations 
causes some imbalance in the ionic state/charge of the solution 
as a whole and resists the fiber formation. We realized that still 
rigorous studies are required to optimize this current process of 
the fabrication of Sc substituted BFO nanofibers at higher 
concentrations.  
 The average crystallite size of the synthesized pure BFO 
and BSFO particulates and fibers was calculated by using the 
Scherrer’s formula (t = 0.9 λ / β cosθ), corresponding to (012), 
(104) and (110) planes. The lattice constants, crystallite size 
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and strain of these nanostructures were also calculated during 
the data collection by using the inbuilt software that supplied  

Table 1. Crystal structure parameters of the fabricated compositions. 

System Compositions a = b c V η t 

Particu
lates 

BiFeO3 5.579 13.872 431.77 0.131 51 
Bi0.95Sc0.05FeO3 5.582 13.854 431.67 0.221 37 
Bi0.90Sc0.10FeO3 5.586 13.850 432.17 0.281 29 
Bi0.85Sc0.15FeO3 5.591 13.846 432.82 0.345 24 
Bi0.80Sc0.20FeO3 5.602 13.906 436.40 0.284 29 
Bi0.75Sc0.25FeO3 5.598 13.896 435.47 0.279 30 

Fibers 

BiFeO3 5.582 13.808 430.24 0.304 27 
Bi0.95Sc0.05FeO3 5.596 13.715 429.48 0.469 23 
Bi0.90Sc0.10FeO3 5.594 13.724 429.46 0.482 21 
Bi0.85Sc0.15FeO3 5.566 13.709 424.71 0.546 19 

a, b, c = lattice constants (Å), V = cell volume (Å3), η = lattice strain, t = 
crystallite size (nm) 

along with the XRD system (PANalytical-X’pert High-Score) 
and the obtained values are given in Table 1. 
 It is evident that the lattice parameters of BSFO 
nanostructures are found to be decreasing, and the lattice strain 
is found increasing with increasing concentration of Sc in BFO 
host up to 15%. This could be essentially attributed to the 
structural distortion occurred in BSFO nanostructures owing to 
the larger electronegativity difference of Sc-O (2.08) compared 
to Bi-O (1.42).21 Accordingly, the observed shift in the doublet 
peaks of both particulates and fibers shown in Fig. 1(b) & 2(b) 
represents such substitution induced structural distortion in 
these BSFO nanostructures. 
 The larger electronegativity difference of Sc-O reduces the 
distance between Sc and O and lead to the structural distortion 
in the system which resulted in the modification of lattice 
parameters and induced the strain in the system.21 The observed 
abrupt increment in crystallite size and decrement of strain in 
Bi0.80Sc0.20FeO3 and Bi0.75Sc0.25FeO3 particulate could be 
attributed to the composite like formation of the secondary 
phase Bi2Fe4O9. This could also be corroborated with the 
observed relative drastic shift of doublet peaks (Fig. 1(b)) 
towards lower and higher 2Ɵ angle in Bi0.80Sc0.20FeO3 and 
Bi0.75Sc0.25FeO3 compositions, respectively. Where, the lower 
and higher 2Ɵ angle shift could be indirectly propositional to 
the concentration of this secondary in these BSFO 
compositions. In the case of fibers, the observed merging of 
doublet peaks (Fig. 2(b)) could be due to the structural changes 
in the system that could be attributed to their one-dimensional 
structure, which is also consistent with the existing reports.22, 25 

3.2. Elemental and Chemical state analysis 

The compositional and chemical state analyses of the fabricated 
compositions were carried out using X-ray photoelectron 
spectroscopy (XPS) technique. The obtained individual XPS 
spectra of Bi, Fe, O and Sc in the particulates and fibers of Bi1-

xScxFeO3, where x=0.0, 0.15 are shown in Fig. 3(a)-(d). 
 Figure 3(a) shows the XPS spectra of Bi 4f that consists of 
doublet peaks at around 158.26 and 163.60 eV that are 
corresponding to the binding energy (BE) of Bi–O bonds in 
pure BFO.26 The two de-convoluted peaks at 156.96 and 162.72 

eV are ascribed to Bi 4f7/2–O and Bi 4f5/2–O bonds, while other 
peaks fitted at 158.31 and 163.77 eV may be assigned to Bi–O– 

 
Fig. 3 XPS spectra of (a) Bi, (b) Fe, (c) O and (d) Sc in Bi1-xScxFeO3 particulate and 

fiber nanostructures. 

Fe bonds in oxygen octahedron and/or relaxed Bi phase. 
Further, the spin-orbit splitting energy (∆E) of pure Bi 4f 
doublet is 5.34 eV, which is equivalent to theoretical value 
(∆EBi 4f) of 5.31 eV.27 However, a chemical shift towards higher 
binding energy is observed in Bi 4f peaks with increasing 
concentration of Sc. This essentially shows that the occupancy 
of ‘Sc’ ions at the ‘Bi’ site in BFO host. The observed chemical 
shift could be elucidated based on the variation in ionicity of 
the compositions due to the substitution of Sc ions. The 
electronegativity of Bi, Sc, Fe and O is 2.02, 1.36, 1.83 and 
3.44 respectively. The fraction of ionicity (Fi) of Bi-O, Sc-O 
and Fe-O bonds in BSFO nanostructures could be calculated 
from the equation, Fi = 1-exp(-(∆EN)2/4)), where ∆EN is the 
difference in electronegativities of anion and cation in the 
compositions.28 According to the equation, the fraction of 
ionicity of Sc–O (0.66) is much higher than that of Bi–O (0.40), 
and binding energy of (Bi, Sc)–O bond in oxygen octahedron 
may be higher than that of ideal Bi–O bond, leading to the shift 
towards higher binding energy in the Bi 4f doublet peaks of 
BSFO nanostructures. 
 Figure 3(b) shows the Fe 2p spectra of pure BFO and BSFO 
nanostructures. The Fe 2p spectra of pure BFO show the 
doublet peaks at around 710.22 and 723.71 eV corresponding to 
Fe 2p3/2 and Fe 2p1/2 respectively, which can be due to Fe–O 
bonds.26 The de-convoluted peaks at 711.32 and 725.67 eV 
could be assigned to (Fe 2p3/2)2–O3 and (Fe 2p1/2)2–O3 bonds, 
while the other peaks fitted at 710.11 and 724.10 eV may be 
associated with Fe–O–Bi bonds in oxygen octahedra and/or 
other relaxed Fe phase.27,29 The calculated spin orbit splitting 
energy (∆E) of pure Fe 2p doublet is 13.49 eV, which is found 
to be comparable with the theoretical value (∆EFe 2p) of 13.6 eV 
as in Fe2O3 system. This confirms that the Fe ions are existed 
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with the standard oxidation state of +3, which suggests the non-
ionic defects nature in the compositions. This is because of the  

 
Fig. 4 FESEM image of Bi1-xScxFeO3 particulate nanostructures, where (a) 0.0, (b) 

0.05, (c) 0.10, (d) 0.15, (e) 0.20 and (f) 0.25. 

fact that the Fe ions are volatile that switches between Fe3+ and 
Fe2+ states leading to the oxygen vacancies in the system. As 
observed in the case of Bi spectra, a shift towards higher 
binding energy is also observed in the case of Fe spectra with 
increasing concentration of Sc ions as in Fe-O-Bi(Sc) bonds.  
 The O 1s spectra of the particulate and fiber compositions 
are shown in Fig. 3(c) respectively. For pure BFO, the broad 
peak at 529.86 eV is corresponding to O 1s and the de-
convoluted peaks at 529.27 and 531.99 eV could be assigned to 
the Bi–O 1s–Fe and the surface adsorbed oxygen species in the 
samples.27 Considering Sc substituted BFO, the binding energy 
of O 1s in Sc-(O 1s) is higher than that of Bi-(O 1s) bonds and 
therefore the O 1s peak of the BSFO compositions shifts toward 
the higher binding energy as compared to pure BFO.  
 Figure 3(d) show the narrow scan XPS spectra of Sc in 
BSFO particulate and fiber compositions respectively. The 
doublet peaks at 401.47 and 405.97 eV corresponding to Sc 
2p3/2 and Sc 2p1/2 as in the Sc2O3 system that confirms the +3 
oxidization state of the substituted Sc ions in BSFO 
compositions.25 The calculated spin-orbit splitting energy of the 
Sc 2p doublet is around 4.5 eV, which is well agreed with 
theoretical value of 4.4 eV.27 The de-convoluted peaks at 
401.92 and 406.72 eV could be assigned to Sc 2p3/2–O and Sc 
2p1/2–O bonds for Sc 3+ ions, while the peaks at 399.57 and 
404.56 eV may be associated with (Bi, Sc 2p3/2)–O and (Bi, Sc 
2p1/2)–O bonds and/or relaxed Sc phase in the BSFO 
compositions. As observed in the XPS spectra of other 
elements, a gradual shift towards higher binding energy is also 
observed in the case of Sc that confirms the characteristic 
influence of substituted Sc ions in the BFO host. 

3.3. Morphology analysis 

The field emission scanning and high resolution transmission 
electron micrographs (FESEM and HRTEM) of the fabricated 
BSFO particulates nanostructures are shown in Fig. 4(a)-(f) and 
Fig. 5(a)-(f) respectively. Similarly, the FESEM and HRTEM 
images of BSFO fiber nanostructures are shown in Fig. 6(a)-(d) 
and Fig. 7(a)-(d) respectively.  

 The particle morphology was found to be cube like 
aggregated structures. The formation of such structure may be 
facilitated by citric acid, where it acted as a capping agent for 
the growth BFO particles with cube like morphology30-34 as  

 
Fig. 5 HRTEM image of Bi1-xScxFeO3 particulate nanostructures, where (a) 0.0, (b) 

0.05, (c) 0.10, (d) 0.15, (e) 0.20 and (f) 0.25. 

discussed and illustrated in Fig. S1, which is given in the 
Electronic Supplementary Information (ESI). It was observed 
from the micrographs that the average particle size is gradually 
reduced from 200 nm to 90 nm with increasing concentration of 
Sc from 0% to 25% in BFO host. This observed trend in the 
particle size reduction is in accordance with the crystallite size 
calculated from XRD pattern of the respective composition. 
Further, it should be noted that the morphology of the particle is 
not affected by the Sc substitution. 

 
Fig. 6 FESEM image of Bi1-xScxFeO3 fiber nanostructures, where (a) 0.0, (b) 0.05, 

(c) 0.10, and (d) 0.15. 

 As observed in the case of particulate system, the 
substitution induced size reduction is also consistent in Sc 
substituted BFO nanofibers as shown in Fig. 6(a)-(d) and Fig. 
7(a)-(d). As mentioned that the manifestation of dimension 
dependent properties can be evidently distinguished while 
comparing 1-D and 3-D structures. Accordingly, the 

Page 5 of 14 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

substitution induced growth inhibition in BSFO fibers is 
evident where the growth of individual crystallites is 
significantly suppressed and it appears like a stack of inter-
connected crystallites into one dimensional direction as  

 
Fig. 7 HRTEM image of Bi1-xScxFeO3 fiber nanostructures, where (a) 0.0, (b) 0.05, 

(c) 0.10, and (d) 0.15. 

depicted in Fig. S2 given in the ESI. The average diameter of 
the fibers is found to be ~ 280 nm for pure BFO and it is 
reduced to 120 nm, 80 nm and 50 nm for Bi(1-x)Sc(x)FeO3 where 
x=0.05, 0.10, 0.15 respectively. 
 We propose that such growth inhibition via substitution is 
possible when the deceleration in the site occupancy and 
subsequent nucleation of Sc ions in the Bi-Fe-O host. It can be 
understood that as the pure BFO solution contains only Bi and 
Fe ions where they effortlessly nucleate and subsequently grow 
as particles without any external interferences. But in the case 
of substitution, the substituted Sc ions may disturb the 

formation kinetics of BFO, as the phase should be formed along 
with the substituted Sc ions, which is likely a heterogeneous 
nucleation process. In the homogeneous mixture of Bi-Fe ions, 
the introduction of Sc ions is likely an impurity and causing 
anisotropicity that decelerates the nucleation as well as the 
subsequent growth of the particles. Such inducement of 
anisotropicity is mostly possible due to the smaller ionic radius 
of Sc3+ (0.92 Å) ions compared to Bi3+ (1.24 Å) ions.21 It is 
therefore the increasing concentration of Sc in BFO host which 
increases the anisotropicity in the particle formation that leads 
to the suppression of particle growth as well as the formation of 
secondary phases as in the case of particulate system. In 
addition to this, the elemental analysis of these fabricated 
particulate and fiber nanostructures was also carried out by 
using energy dispersive X-ray spectroscopy (EDS) technique 

and the obtained EDS spectra are shown Fig. S3 and S4, 
respectively in the ESI. 

3.4. Estimation of band gap energy 

The optical absorption characteristics of the fabricated Bi1-

xScxFeO3 particulate (where x = 0, 0.05, 0.10, 0.15, 0.20, 0.25),  

 
Fig. 8 UV-Visible absorption spectrum of Bi1-xScxFeO3 (a) particulates and (b) fiber 

nanostructures. 

and fiber (where x = 0, 0.05, 0.10, 0.15) nanostructures is 
deduced from their UV-Visible absorption spectra as shown in 
Fig. 8(a)-(b), respectively, where the band gap energy is 
calculated from their diffuse reflectance spectra using Kubelka-
Munk function,35 which is given in Fig. S5(a)-(f) and Fig. 
S6(a)-(d) of ESI.  
 From the graphs, the observed red shift in the absorption 
peaks of BSFO compositions essentially signifies that the Sc 
substitution enhances the visible light absorption of BFO. 
Correspondingly, the band gap energy is found decreasing with 
increasing concentration of Sc in both BFO particulate and 
fiber system. The band gap values are listed in Table 2. 
According to a DFT study, it was observed that the substitution 
of Sc significantly reduced the band gap energy of BFO.21 The 
mechanism for observed band gap reduction was attributed to 
the following factors: (i) the stronger hybridization of Sc-O and 
(ii) the Fe-O-Fe super-transfer mechanism. This can be 
explained as follows. In the band gap structure of BFO, the Bi 
6p/6s, Fe 3d, and O 2p states are present both in conduction 
band (CB) and valence band (VB) of BFO. Also, the transfer of 
Fe 3d electrons is mediated by the O 2p states and not directly 
between the 3d states. Therefore, any influence in the band gap 
structure of BFO involves the contribution of the both Bi and 
Fe ions and their amalgamation with O 2p states. 
 Accordingly, in our case, the stronger hybridization 
between Sc-O owing to the large electronegativity difference 
reduced its inter-atomic distances and it ultimately resulted in 
the wider dispersion of bands and the band gap reduction. 
Further, as the transfer of Fe 3d electrons is mediated by O 2p 
states, it established the Fe-O-Fe super-transfer process where 
the 3d states of both Fe and Sc together overlapped with O 2p 
states and leads the band gap reduction in BSFO 
nanostructures. 
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Table 2. Estimated band gap energy of the Bi1-xScxFeO3 nanostructures. 

Particulates Fibers 
Composition *Bandgap (eV) Composition *Bandgap (eV) 

BiFeO3 2.36 BiFeO3 2.42 
Bi0.95Sc0.05FeO3 2.31 Bi0.95Sc0.05FeO3 2.34 
Bi0.90Sc0.10FeO3 2.29 Bi0.90Sc0.10FeO3 2.33 
Bi0.85Sc0.15FeO3 2.26 Bi0.85Sc0.15FeO3 2.31 
Bi0.80Sc0.20FeO3 2.21 - - 
Bi0.75Sc0.25FeO3 2.24 - - 

*Calculated from DRS spectra (shown in ESI) using Kubelka-Munk function. 

 
Fig. 9 Concept of the observed band gap reduction in Bi1-xScxFeO3 

nanostructures. 

 The concept of overlapping enabled band structure 
dispersion and band gap reduction is illustrated in Fig. 9. On 
the other hand, the observed abrupt band gap reduction in 
Bi0.80Sc0.20FeO3 and Bi0.75Sc0.25FeO3 particulates could be 
attributed to the existence of secondary phase in these 
compositions. 

3.5. Magnetic properties analysis 

TEMPERATURE DEPENDENT MAGNETIC PROPERTIES: The 
magnetic measurements of the fabricated pure and Sc 
substituted BFO particulate and fiber nanostructures were 
carried out by super conducting quantum interference device 
(SQUID) magnetometer. All the samples were characterized for 
their temperature dependent (5 K to 300 K, at 100 Oe) zero-
field cooling (MZFC) and field cooling (MFC) magnetization as 
well as magnetic hysteresis (M-H) at room temperature (300 K) 
and at low temperature (5 K).  
 Figures 10(a)-(f) show the ZFC and FC magnetization 
curves of Bi1-xScxFeO3 (where x = 0, 0.05, 0.10, 0.15, 0.20, 
0.25) particulate nanostructures. In the curves, there are 
significant observations, which essentially reflect the origin of 
enhanced magnetic properties in the BSFO particulate 
nanostructures; (i) the splitting of ZFC and FC curves and (ii) 
with decreasing temperature from 300 to 5 K, the ZFC 
magnetic moment (MZFC) slightly increases then monotonically 
decreases for pure BFO, while it significantly increases then 
decreases and leads to the appearance of a broad peak in the 
ZFC curves for the Sc substituted BFO compositions. The 
above facts can be interpreted as follows. It is known that the 
typical BFO is antiferromagnetic (AFM) material which often 
shows weak ferromagnetism (FM) when the particle size is 
reduced to nanoscale. 

 Accordingly, (i) the observed splitting of ZFC and FC curve 
is essentially due to the coexistence of AFM and FM ordering 
in the system.36 Further, it can also be due to the other factors 
such as enhanced canted AFM spin structures owing to the 
particle size effects.37 (ii) The initial increment in the MZFC with 
decreasing temperature and the plateau like region in the FC 
curve in lower temperatures indicate the existence of interacting 
superparamagnetic behaviour in the nanostructures 
(superparamagnetism is the size effect of ferromagnetism).25,38 
 On the other hand, the appearance of broad peak associated 
with the decrement in MZFC at lower temperatures indicates the 
blocked state of superparamagnetic ordering in these  

 
Fig. 10 Temperature dependent magnetization (FC-ZFC) of Bi1-xScxFeO3 

particulate nanostructures. 

Nanostructures.39 In the superparamagnetic particles, as their 
magnetic moment along any one of the anisotropic directions is 
blocked at the temperatures below blocking temperature (TB) 
(indicated with an arrow mark), they do not respond to the 
small applied field (here it is 100 Oe). For this reason, below 
the TB, the changes in the magnetization values are minimal 
with increase in temperature in the case of FC curves. While in 
the case of ZFC curves, the magnetization value tend to 
increase with increasing temperature. Furthermore, the presence 
of distribution in the blocking temperature (appeared like a plat 
peak rather than the sharp peak) leads to the splitting of MZFC 
and MFC to start slightly lower than TB, which can be observed 
in both pure and Sc substituted BFO.25 A thermo-magnetic 
irreversibility can also be seen from the unambiguous 
separation of MZFC and MFC curves. This thermo-magnetic 
irreversibility signifies the initiation of blocking process which 
is essentially induced by the dissonance between the magneto-
crystalline anisotropy and thermal activation energy in the 
particulate system.40 
 The ZFC and FC magnetization curves of Bi1-xScxFeO3 
(where x = 0, 0.05, 0.10, 0.15) fiber nanostructures are shown 
in Fig. 11(a)-(d), respectively. As observed in the particulate 
system, the typical splitting of ZFC and FC curves indicates the 
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co-existence of AFM-FM phases in both pure and Sc 
substituted BFO nanofibers. However, the ZFC magnetization 
profile of fibers is found to be distinctively different compared 
to particulate nanostructures. 
 For pure, 5% and 15% Sc substituted BFO, the ZFC 
magnetic moment is monotonically decreasing with decreasing 
temperature without exhibiting any peak corresponding to 
blocking temperature. In nanomaterials, due to the size induced 
magnetic anisotropy, the magnetic moment has only two stable 
orientations which are anti-parallel to each other, separated by 
an energy barrier.41 In such circumstances, at particular 
temperature there is a finite possibility for the magnetization to  

 
Fig. 11 Temperature dependent magnetization (FC-ZFC) of Bi1-xScxFeO3 fiber 

nanostructures. 

flip and reverse its direction. The mean time between the two 
flips is called the Neel relaxation time (�N).42 The prolonging of 
this �N for some time indicates the frozen state of the spins that 
turns the magnetic materials to the blocked state. This Neel 
relaxation time as function of temperature is corresponding to 
the TB which can be obtained from the ZFC curves. The 
magnetic state of material before reaching TB is likely 
superparamagnetic and after TB is the blocked state.43 As 
observed in our BFO fiber system, this TB is likely to appear in 
the room temperature itself where there is a consistent fall in 
the magnetic moment with decreasing temperature. This 
implies that the ferromagnetic ordering persists in pure, 5% and 
15% Sc substituted BFO fiber nanostructures. Accordingly, the 
existence of superparamagnetic nature can also corroborated 
with the observed saturation behaviour in the room and low 
temperature M-H hysteresis curves of these materials. 
Conversely, a typical AFM-FM behaviour was observed in the 
case of 10% Sc substituted BFO nanofibers which can also be 
corroborated with its room and low temperature M-H curve 
exhibiting the AFM nature of possessing lower magnetization 
values. This may be due to the induction of some magnetic 
anomalies due to the lack of contribution of Sc ions in the 
magnetic properties of Bi0.90Sc0.10FeO3 nanofibers. As 

illustrated in Fig. 12, the emergence of spin canted structure is 
enhanced by Sc3+ ions in BSFO nanostructures. Therefore it is 
expected that the distribution of Sc3+ ions in Bi0.90Sc0.10FeO3 
nanofibers may be inhomogeneous and their contribution in the 
spin canting structures is nominal which eventually lowered the 
net magnetic moment in the system. Nevertheless, such 
inconsistency can also be seen in the photocatalytic activity of 
this particular composition which is discussed in the following 
section. 
 Therefore, the observed net magnetic moment in the pure 
and Sc substituted BFO system and the splitting phenomenon 
of ZFC and FC curves owe their origin to the existence of  

 
Fig. 12 Manifestation of ‘canted’ spin structure induced net magnetic moment in 

the BSFO nanostructures due to Dzyaloshinskii-Moriya (DM) interactions. 

AFM-FM phase and ‘the canted’ spins in the surface of the 
particles. It is understood that even if the induced ferromagnetic 
nature becomes predominant in BSFO, its inherent AFM 
ordering cannot be eliminated from the system. 
MAGNETIC HYSTERESIS PROPERTIES: Figure 13 (a)-(d) and Fig. 
14 (a)-(d) shows the room (300 K) and low temperature (5 K) 
magnetic hysteresis (M-H) curves of Bi1-xScxFeO3 particulate 
(where x = 0, 0.05, 0.10, 0.15, 0.20, 0.25), and fiber (where x = 
0, 0.05, 0.10, 0.15) nanostructures, respectively at a maximum 
applied field of 2T.  
 The hysteresis curve of pure BFO particulate and fiber 
nanostructures clearly indicates the manifestation of weak 
ferromagnetic nature in contrast to a typical bulk BFO which 
exhibits antiferromagnetic (AFM) properties. This could be due 
to the smaller crystallite size of pure BFO which may result, (i) 
the suppression of cycloidal spin structure in BFO or (ii) the 
formation of AFM-core/FM-shell like structure due to the 
uncompensated electrons spins in one sublattice by another 
sublattice in smaller AFM-BFO crystals. Accordingly, the 
conception of AFM/FM core/shell structure could be 
substantiated by associating with the observed displacement in 
the M-H curve of pure BFO as shown in the Fig. 13(b) & (d) 
and Fig. 14(b) & (d), which is consistent with other literature 
reports. 25, 36, 44-45 

 On other hand, this weak ferromagnetic nature is 
significantly enhanced due to the Sc substitution in BFO. 
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Accordingly, the observed enhancement in the BSFO 
particulate and fiber nanostructures could be essentially 
attributed to the substitution induced structural disorder and the 
modified ‘canted’ spin structure due to the Fe-O-Fe interaction 
in host BFO rather than the AFM/FM core/shell phenomenon. 
This is because, the displacement in the M-H curve as observed 
for pure BFO NPs do not occur in Sc substituted BFO NPs as 
well as NFs (including pure BFO NFs). In general, the 
exchange interaction between AFM and FM induces the 
unidirectional anisotropy that leads to the shift along the 
magnetic field axis in the M-H hysteresis curve. This effect is 
known as exchange bias (EB).46 

 
Fig. 13 Field dependent magnetic hysteresis (M-H) curves of Bi1-xScxFeO3 

particulate nanostructures at (a)-(b) 300 K and (c)-(d) 5 K. 

 It is proposed that the emergence of EB is due to the 
existence of uncompensated spins in the system.47 However, it 
is also possible for EB to emerge in a system consisting of 
compensated spins, where the ‘canted’ spin structures lead to 
the enhancement in the magnetic properties rather than the 
uncompensated spins.48 Such a system can be explained by 
Dzyaloshinskii-Moriya (DM) interactions.49 The fundamental 
idea of DM interaction is the induction of magnetization in 
antiferromagnets due to the modification in ‘canted’ spins as a 
result of the ferroelectric distortions.50 Therefore we suggest 
that the emerged ferroelectric distortion in BSFO system 
modified its ‘canted’ spin structure (Fe-O-Fe) and lead to an 
enhanced magnetic properties as illustrated in Fig. 12. It is 
noteworthy that the observed phenomenon is also known as 
‘ferroelectrically-induced ferromagnetism’ which is generally 
originated due to this DM interaction in BFO.51 Accordingly, 
both particulate and fiber nanostructures showed an enhanced 
magnetic hysteresis properties at low temperature, which is 
shown in Fig. 13(c) and 14(c).  
 Further, in the case of BSFO particulate system, it can be 
seen that a drastic enhancement in the magnetic property of 
Bi0.80Sc0.20FeO3 and a fall in Bi0.75Sc0.25FeO3 composition. It is 
presumed that these anomalies might be due to the existence of 

the secondary phase (Bi2Fe4O9) at higher and lower 
concentrations, respectively. Accordingly, the intensity of the 
XRD peaks corresponding to this secondary phase and the shift 
in doublet peak is found to be pronounced due to the higher 
concentration of Bi2Fe4O9 phase in Bi0.80Sc0.20FeO3 compared 
to Bi0.75Sc0.25FeO3 composition. Moreover, the doublet peak of 
Bi0.75Sc0.25FeO3 composition is found to be shifted towards 
higher 2Ɵ angle as the trend observed in the rest of 
compositions, which is probably attributed to the lower 
concentration of Bi2Fe4O9 phase. Further, this conception can 
also be corroborated with the observed enhancement in their 
optical properties. In addition to this, an independent study on 
Bi2Fe4O9 also reports that the Bi2Fe4O9 is magnetically active  

 
Fig. 14 Field dependent magnetic hysteresis (M-H) curves of Bi1-xScxFeO3 fiber 

nanostructures at (a)-(b) 300 K and (c)-(d) 5 K. 

and that it tends to exhibit the coexistence of AFM-FM phases 
as similar to BiFeO3.

52 
 Therefore we believe that the concentration of the 
secondary phase might give a rise and fall in the magnetic 
properties of Bi0.80Sc0.20FeO3 and Bi0.75Sc0.25FeO3 
compositions, respectively. The observed values of the 
magnetic parameters such as saturation magnetization (Ms), 
remnant magnetization (Mr), coercive field (Hc) and blocking 
temperature (TB) of particulate and fiber nanostructures are 
given in the Table 3. 
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Table 3 Obtained magnetic parameters of the Bi1-xScxFeO3 nanostructures 

 
*Ms (emu/g) Mr (emu/g) Hc (Oe) TB 

(K) 300 K 5 K 300 K 5 K 300 K 5 K 
Particulates (Bi1-xScxFeO3) 
0.00 0.21 0.23 0.002 0.01 32 199 172 
0.05 1.12 1.61 0.006 0.45 20 1911 145 
0.10 1.87 2.93 0.011 0.79 23 2037 129 
0.15 2.04 3.48 0.012 0.83 26 1935 122 
0.20 3.08 4.71 0.025 1.11 29 1778 141 
0.25 2.14 3.52 0.011 0.37 25 781 113 
Fibers (Bi1-xScxFeO3) 
0.00 0.53 0.41 0.011 0.09 48 853 - 
0.05 1.31 1.34 0.026 0.41 27 756 - 
0.10 0.46 0.50 0.013 0.10 97 1130 120 
0.15 1.84 1.93 0.030 0.76 17 818 - 

*Magnetic saturation (Ms) at 2 T 

3.6. Photocatalytic properties 

The photocatalytic efficiency of the fabricated pure BFO and 
BSFO particulate and fiber nanostructures on the degradation of 
methylene blue (MB) dye was studied under the direct exposure 
of sunlight. Individual degradation spectra of Bi1-xScxFeO3 
particulate (where x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25) and fiber 
(where x = 0.0, 0.05, 0.10, 0.15) are shown in Fig. S7 (a)-(f) 
and S8 (a)-(d), respectively (given in the ESI) and their C/C0 
ratio graphs and final degradation percentage graphs are shown 
in Fig. 15(a)-(d), respectively. As it can be seen in the C/C0  

 
Fig. 15 Photocatalytic efficiency graph (C/Co ratio) and degradation percentage of 

Bi(1-x)Sc(x)FeO3 (a)-(b) particulate and (c)-(d) fiber nanostructures. 

graph (Fig. 15 (a) & (c)), the photocatalytic degradation is 
found increasing with increasing concentration of Sc in BFO, 
except Bi0.75Sc0.25FeO3 particles and Bi0.90Sc0.10FeO3 fibers. It is 
noteworthy that the photocatalytic efficiency of nanofibers is 
found to be enhanced compared to particulate nanostructures. 
This is that the average time taken by the particulates and fibers 
to degrade the given amount of dye is found to be 4 h and 3 h, 
respectively. Accordingly, at the end of 4 h of sunlight 
irradiation, BSFO particulates (where x = 0.0, 0.05, 0.10, 0.15, 
0.20, 0.25) degraded around 69%, 73%, 86%, 97%, ~100%, 

98% of the dye respectively. In the case of BSFO fibers (where 
x = 0.0, 0.05, 0.10, 0.15), the degradation percentage is found to 
be around 78%, 93%, 88%, ~100%, respectively at the end of 3 
h. 
 The observed photocatalytic efficiency of these 
nanostructures can be discussed in two perspectives. One is the 
dimension and another is the influence of Sc substitution in 
these BFO particulate and fiber nanostructures. Accordingly, 
the observed efficiency in the 1-D fibers of BFO could be 
directly ascribed to the synergic effect resulting from their 
confined and unconfined dimensions. The unfettered dimension 
of these 1-D materials essentially decreases the recombination 
probabilities of photo-generated charge carries (e‒/h+) due to 
the enhanced recombination resistance in these fiber 
nanostructures,43-54 whereas, the fettered direction influences 
the charge transferring mechanisms due to the formation of 
discrete energy levels as a result of the confinement. In the 1-D 
materials, once the charge-separation is established in the 
system, the electrons excited to the conduction band (CB) get 
delocalized as they diffuse into the their wide bandwidth 
dispersion. Eventually, it delays the recombination possibilities 
of charge carriers in these 1-D materials.55 Under such 
circumstances, the energy applied for charge separation is 
sustained in the system and utilized for the production of redox 
species in the medium that leads to the effective degradation of 
dye molecules. 

 
Fig. 16 (a) The spontaneous polarization in ferroelectrics and charge 

compensation mechanism, and (b) band-bending phenomenon induced charge 

carriers transportations in a ferroelectric material. 

 On the other hand, the photocatalytic enhancement due to 
the Sc substitution in BFO nanostructures could be attributed to 
the following factors; (i) effect of reduced band gap, and (ii) 
substitution induced band bending phenomena. As discussed, 
the observed reduction in the band gap energy with increasing 
concentration of Sc in BFO lead to the absorption of more 
visible light energy which expedited the photocatalytic process 
in these BSFO nanostructures. In the perspective of BFO as a 
‘ferroic-semiconductor’, its ferroelectricity induced band 
bending phenomenon is an appealing feature that essentially 
favours the photocatalytic process in BFO in many different 
ways.54,58 In ferroelectric materials, the off-centre displacement 
of positive and negative ions causes the spontaneous 
polarization and thereby it induces macroscopic charges on 
their surfaces.16,58 The spontaneous polarization produces 
positively (C+ domains) and negatively (C‾ domains) charged 
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surfaces when the direction of the spontaneous polarization 
points from bulk to surface and surface to bulk, respectively. 
However, these induced charges on the surface will be 
compensated by unbound charge carriers (e‾/h+) and defects in 
the volume of ferroelectric materials and/or by the surface-
adsorbed charged molecules (δ+/δ‾) from the surrounding 
medium. During such charge compensation process, the 
electrons will be moved towards the surface of C+ domains 
leading to downward band bending. Conversely, in C‾ domains, 
the free electrons will be moved away from the surface, 
resulting in upward band bending. The formation of C+, C‾ 
domains and the band bending phenomena are illustrated in Fig. 
16 (a)-(b).16 
 This band bending in ferroelectric photocatalytic materials 
helps in the inhabitation of carrier recombination and creates a 
pathway for the transfer of charge carriers to the surface of 
photocatalyst. When a light energy falls on the ferroelectric-
semiconductor, the exciton pairs (e¯/h+) will be generated where 
the negative electrons move to the conduction band (CB) 
leaving positive holes in the valence band (VB). Once charge 
separation is sustained, the electron and hole may migrate to the 
catalyst surface where they get involved in redox reactions with 
sorbed species.59 Especially, the holes (h+) in the VB may react 
with surface-bound H2O or OH¯ to produce the hydroxyl 
radical and the electrons (e¯) in the CB are picked up by oxygen  
 

 
Fig. 17 Band structures in BFO (a) before and (b) after its contact with dye; 

where the transportation of carriers being is facilitated via band bending process 

due to their multiferroic-ferroelectric properties. 

to generate superoxide radical anion (O2
●‒), as indicated in the 

following Equations 1–3: 
 Absorption of efficient photons by photocatalyst 
 BiFeO3 + hν �e‒cb + h+

vb   (1) 
 Formation of superoxide radical anion 
 O2 + e‒cb � O2

●‒    (2) 
 Neutralization of OH- group into ●OH by the hole 
 OH- + h+

vb � ●OH + H+    (3) 
 The hydroxyl radical (●OH) and superoxide radical anions 
(O2

●‒) are the primary oxidizing species in the photocatalytic 
oxidation processes. These oxidative reactions would cause the 
degradation of the pollutants as shown in the following 
Equations 4 and 5: 
 Oxidation of the dye via successive attack by ●OH radicals 

 Dye + ●OH � Dye’● + H2O   (4) 
 Or by direct reaction with holes 
 Dye + h+

vb � Dye● + � degradation products (5) 
 Accordingly, the emerged band bending in BSFO 
nanostructures creates a pathway for the excited electrons (in 
CB) and holes (in VB) to drive to photocatalyst-dye interface as 
illustrated in Fig. 17 (a)-(b), and lead the carriers to the 
reduction and oxidation process, respectively. Thereby, a 
ferroelectric material can enhance the photocatalytic process by 
separating the electron and holes owing to its internal electrical 
field associated with the induced asymmetricity in the crystal 
system.  
 As discussed above that the substitution of Sc3+ ions caused 
a structural distortion in the system through the off-
displacement of octahedral cage resulted in enhanced 
ferroelectric properties. Therefore, the observed photocatalytic 
efficiencies can be attributed to the band bending phenomena 
emerged due to the spontaneous ferroelectric properties in 
BSFO nanostructures. The enhancement in the ferroelectric 
properties in these compositions can be correlated to the 
observed enhancement in their magnetic properties as it is 
attributed to the ‘ferroelectrically-induced ferromagnetism’. 
Further, it is noteworthy that the Bi2Fe4O9 is also a 
photocatalytic material60 and therefore we believe that the 
presence of this secondary phase in Bi0.80Sc0.20FeO3 and 
Bi0.75Sc0.25FeO3 compositions might have also contributed in 
their photocatalytic enhancements. Similarly, the observed  

 
Fig. 18 Photocatalytic efficiency of pure and 15% Sc: BFO (a) particulate and (b) 

fiber nanostructures under simulator solar light; (c)-(d) comparative bar diagram 

representing the degradation percentages under natural and simulated solar 

light irradiation. 

decrement in the photocatalytic activity of Bi0.90Sc0.10FeO3 
nanofibers could be attributed to the anomalies associated with 
the carrier density in the material. For instance, it is reported 
that, in heavily doped semiconductors, the attractive Coulomb 
interaction between electrons and holes itself vanishes at e¯/h+ 
densities in the form of excitons.61,62 In the PC process, the 
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charge separation is crucial factor to observe an enhanced PC 
activity. Therefore, the observed decrement in the PC activity 
of Bi0.90Sc0.10FeO3 nanofibers could be attributed to the race 
between the formation of excitons and charge separation.  
 For a comparative study, the photocatalytic activities of 
pure as well as 15% Sc substituted BFO particulate and fiber 
nanostructures were investigated under the simulated solar 
light. It can be seen that the degradation under simulated solar 
light is found to be enhanced as compared to that of the 
degradation obtained under natural sunlight. From the obtained 
C/C0 ratio graphs as shown in Fig. 18 (a)-(b), the pure BFO and 
Bi0.85Sc0.15FeO3 particulates degraded around 69 % and 97 % of 
the dye at the end of 4 h under natural sunlight. Whereas, under 
the simulated solar light, it took 3 h to degrade the nearly the 
same amount of dye 60 % and 91%. Similarly, pure BFO and 
Bi0.85Sc0.15FeO3 fibers degraded 69 % and 93 % of the dye at 
the end of 2 h under simulated solar light, while it was 78 % 
and 100 % at the end of 3 h under the natural sunlight 
irradiation, which are depicted as the bar diagrams shown in 
Fig. 18(c)-(d). The obtained degradation time difference could 
be due to the intensity and the thermal energy associated with 
the simulated solar light source. However, it is essentially to 
show that the photocatalytic degradation under natural sunlight 
is rational as compare to the simulated solar light sources. 
Further, the photocatalytic recyclability tests were also carried 
out for some selected particulate and fiber compositions (pure 
BiFeO3, Bi0.95Sc0.05FeO3 and Bi0.85Sc0.15FeO3) under the natural 
solar light. The obtained results are shown in Fig. S9(a)-(b) of 
ESI. Form the recyclability experiments, the fiber compositions 
showed relatively enhanced stability as compared to the 
particulates. This is because of the fact that the fibers tend to be 
stoichiometrically ideal (which could be corroborated from 
their XPS analysis) as compared to that of the particulates. 
Moreover, in terms of the recovery process, the fibers tend to 
be easy to recover without any loss as compared to the 
particulates. 

4. Summary and Conclusion 

Bi1-xScxFeO3 (BSFO) particulate (where x = 0.0, 0.05, 0.10, 
0.15, 0.20, 0.25) and fiber (where x = 0.0, 0.05, 0.10, 0.15) 
nanostructures were fabricated by sol-gel and electrospinning 
methods, respectively. Influence of Sc substitution in these 
nanostructures was studied on the structural, morphological, 
optical, temperature dependent magnetic and sunlight driven 
photocatalytic properties. The substitution of Sc in BFO 
essentially caused the structural distortion in the system due to 
its smaller ionic radius. Such structural modification led to the 
reduction in crystallite size and increment in strain of the 
system which was evident from their XRD patterns. From the 
FESEM and HRTEM micrographs, the morphology of BSFO 
particulate nanostructures was found to be cube like aggregated 
structures. The size of the particulate and fiber nanostructures 
was found to be decreased with increasing concentration of Sc 
in BFO host. The band gap energy in BSFO compositions was 
considerably reduced and it was attributed to the strong 

overlapping of Sc 3d sates with O 2p states along with Fe 3d 
states in BSFO nanostructures. Temperature dependent 
magnetic properties, i.e. FC-ZFC curves suggested that the 
origin of magnetic property in pure BFO particulates and fibers 
was due to the existence of AFM/FM core/shell structure, while 
it was due to the modified spin ‘canted’ structures 
(Dzyaloshinskii-Moriya interactions) in the case of BSFO 
nanostructures. Accordingly, the room temperature and low 
temperature magnetic hysteresis curves showed an enhanced 
magnetization with increasing concentration of Sc in BFO. 
Despite the magnetization values being low for the fiber 
systems compared to particulates, the observed saturation trend 
signified the existence of a relatively stable ferromagnetic 
alignment in BSFO nanofibers. It was observed from the 
photocatalytic (PC) studies that the BSFO nanofibers degraded 
the given amount of dye one hour earlier than particulates. This 
was attributed to the dimension dependent PC properties, in 
which the excited electrons in the fibers were likely delocalized 
in their conduction band and reduced recombination 
possibilities; thereby it enhanced the PC activity. Further the 
band bending process enhanced the charge compensation 
process and facilitated the promotion of excited carriers to the 
catalyst-dye interfaces; thereby this process led to an efficient 
and faster degradation of dye molecules under the sunlight 
irradiation. The photocatalytic degradation under simulated 
solar light source was found to be faster compared to the 
degradation under natural sunlight. However, the results 
obtained suggested that the efficiency of the photocatalyst 
under sunlight irradiation is rational compared to simulated 
solar light source. The photocatalytic recyclability tests 
revealed the better catalytic stability of fibers compared to the 
particulates. 
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