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In this article, we demonstrate the synthesis of single phase Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01,
0.03, 0.05, 0.07) using a facile sol-gel route. The powder X-ray diffraction measurements of all the samples
confirm the pure phase rhombohedral structure with a small lattice distortion. The morphological analysis
demonstrated decrease in average particle size from ~ 64 to 41 nm with increasing Co doping in Bi0.98Sr0.02Fe13+
→ Fe2+)
yCoyO3 due to slower growth rate. Mössbauer study reveals the change in oxidation state of iron (Fe
at higher doping concentration of Co. Further, the successful co-doping of Sr, Co into BiFeO3 lattice remarkably
enhances the saturation magnetization value from 0.8 emu/g to 2.3 emu/g and remnant magnetization from
0.08 emu/g to 0.532 emu/g. The enhanced magnetic properties of Sr, Co co-doped BiFeO3 nanoparticles is ascribed to the breaking of cycloidal spin structure, more number of uncompensated spin on the surface, and
oxygen vacancies. Moreover, these samples were found to be highly efficient for the degradation of Rhodamin B
(RhB) dye under visible light irradiation. The best RhB degradation activity was observed with 7% Co doping
Bi0.98Sr0.02Fe1-yCoyO3 (BSFCO7) due to its lower bandgap, reduced average particle size and larger specific
surface area.

1. Introduction
Multiferroics especially magnetoelectric materials are highly desirable to many forms of current technology due to its spontaneous polarization and magnetization [1,2]. Among these magnetoelectric materials single phase BiFeO3 (BFO) is considered to be the most
promising candidate for practical device applications [3,4]. BFO exhibits rhombohedrally distorted ABO3-type perovskite with R3c symmetry and shows high Curie and Neel temperature at room temperature.
Basically
BFO
shows
ferroelectricity
and
G-type
antiferromagnetism simultaneously with a spiral spin structure of order
62 nm [5]. Moreover, BiFeO3 is also an important candidate as visiblelight photocatalyst for removal of organic pollutants due to its band gap
(∼2.2 eV) in visible region and excellent chemical stability [6]. Despite
being a most suitable photocatalyst and magnetoelectric candidate,
there are several concerns of BFO due to its inherent properties, such as
appearance of impurity phases during synthesis, high leakage current,
low magnetization and a wide difference in ferroelectric transition
temperature [7]. The possible non zero remnant magnetization is due to

⁎

a traditional G-type antiferromagnetic order which can be breakdown
by the modulated spin structure < 62 nm [8]. To address above problems, several techniques such as modifications in wet-chemical processing, rapid liquid phase sintering, sintering followed by quenching or
leaching were employed by many groups [9].Among them, A- and/or Bsite doping by suitable elements and reduction of particle dimension to
nanoscale have emerged as successful approaches to suppress the secondary phase formation, improve ferroelectric properties via reducing
leakage current, and induce ferromagnetism and photocatalytic properties of BFO [10]. Further, doping of trivalent rare earth ions (La3+,
Nd3+, Sm3+, Eu3+, Ho3+and Gd3+) [11,12,13,14,15,16,17]or divalent
alkaline metal ions (Ca2+, Pb2+, Sr2+, Ba2+) [18,19,20,21] at the Asite of BFO to replace a part of Bi3+ions can enhance the ferroelectric
properties, whereas transition metal ions (Nb5+, Mn4+, Ti4+ or
Cr3+,Sc3+, Zr4+, Ni3+) [22,23,24,25,26,27] at the B-site to replace a
part of Fe3+ ions can directly affect the magnetic properties. Dutta et al.
reported Sc3+-doped BiFeO3 nanoparticles synthesized by sonochemical technique showed improvement in ferromagnetic as well as ferroelectric properties as the Sc substitution increases at Bi-site [25].
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Recently, Nadeem et al. demonstrated an enhanced saturation magnetization nearly six times than pure BFO by 7% Ni doping [26]. On the
other hand, co-doping of these ions can help in suppressing the presence of secondary phase and simultaneously enhancing the photocatalytic, electric and magnetic properties [8,28,29]. Recently, Wang
et al. reported that the Bi0.85Ba0.15Fe0.95Zr0.05O3 nanoparticles prepared
through sol-gel route showed better magnetic property due to the
crystal lattice distortion caused by the mismatch of ionic radii of the
dopant ions and the breakdown of the spiral spin structure [28]. Irfan
et al. demonstrates La3+ and Se4+ co-doped BFO for the efficient degradation of congo red (CR) dye [29]. Wen et al. observed that PR value
increased from 7.44 to 40.87 μC/cm2 in (Ba, Mn) co-doped system [30].
Similarly, the secondary phases and subsequently the high leakage
current and dielectric loss have been controlled significantly by codoping with suitable elements and proportions at both sides of BFO as
evidenced in (Ca, Ti) and (La, Ni) doped BiFeO3 systems [31,32].Another effective way to improve ferroeletricity was reported by Kundys
et al. where they have witnessed a large value of magnetic field induced
ferroelectric polarization (Pr = 96 μC/cm2) and a lowest value of
coercive field (Hc = 661 V/cm) in oxygen deficient Bi0.75Sr0.25FeO3-δ
system [33]. It was found that co-doping has significantly decreased the
band gap and enhanced the photocatalytic activity as compared to pure
BFO. Therefore, doping of alkaline earth ions having bigger ionic radii
can enhance the magnetization by suppressing the spiral spin structure
and spin canting. As well as it has been observed that doping of transition metal ions can improve the photocatalytic and magnetic properties due to the ferrimagnetic coupling between Fe3+ and the substituted magnetic ions [34,35]. Though Sr doped BFO and Co doped
BFO have proven its potential for enhanced photocatalytic and magnetic property as compared to bare BFO; to the best of our knowledge,
there are no reports on Sr and Co co-doped BFO. Hence, it is highly
desirable to extend the study in this direction towards the properties of
Sr and Co doping BFO in detail.
In the present study, we synthesized BiFeO3 and Bi0.98Sr0.02Fe1xCoxO3 nanoparticles using a facile sol-gel route. We studied the tuned
structural, magnetic, optical and electrical properties of as synthesized
samples in detail. The importance of the present work lies in (i) the
synthesis of single phase BiFeO3 and Bi1-xSrxFe1-yCoyO3 nanoparticles
and (ii) the study of Sr, Co co-doping effect on multiferroic properties of
pure BFO. The as-synthesized samples were then employed as photocatalysts for the degradation of RhB dye under visible light.

Zeiss SUPRA 40) operated at 40 kV. The detailed microstructure of the
powders was collected using a FEI Tecnai G2 F20 transmission electron
microscopy (TEM) operated at 200 kV. The UV − vis characteristics of
the powders were measured using a JASCO UV Visible
Spectrophotometer (V-670 PC). Prior to electrical measurements, green
pellets of 10 mm diameter and 2 mm thickness were prepared using 5%
polyvinyl alcohol as a binder and were sintered at 600 °C for 1 h. Then,
the sintered pellets were polished, than coated with silver paste to the
both sides of pellets. The dielectric properties were investigated by a
Novocontrol Broadband Dielectric/Impedance Alpha-A Analyzer. P-E
loop and I-V characteristic were measured using a Ferroelectric loop
tracer: Marine India and Keithley Sourcemeter (Model No: 2450) respectively. The M − H curves of as-synthesized samples were collected
by a Vibrating Sample Magnetometer (USA; Model 7404) with magnetic field (H) ranging from 0 to 1.0 T at room temperature. The effective surface area and pore size distribution of the synthesized samples were investigated using BET and BJH analysis by Quantachrome
Nova station 100 instrument.
3. Results and discussion
3.1. Structural and phase analysis
The crystal structure and phase of as-prepared Bi1-xSrxFe1-yCoyO3
(x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) (BFO, BSFCO1,
BSFCO3, BSFCO5, and BSFCO7) nanoparticles were presented in
Fig. 1a. The Bragg reflection peaks in the pattern were closely matched
to the JCPDS card number (ICDD-PDF: 86–1518) indicating a rhombohedrally distorted perovskite structure with space group R3c for all
the samples [36]. All the peaks are highly intense, indicated good
crystallinity of the samples. Fig. 1b shows the high resolution XRD
pattern of two most intense peaks. These Bragg peaks 104 and 110 are
also found to be merged into a single broad peak as doping concentration increases. This indicates that the crystallite size decreases
with higher doping concentration [37]. The crystallite size and lattice
strain of the samples were calculated using single line profile analysis
(SLPA) (Table 1) taking the two most intense planes (104 and 110)
[38].A moderate increase in strain and decrease in crystallite size
(Table 1) was measured with increase in doping concentration of Co,
which can be visualized from the XRD peaks broadening (Fig. 1b) [39].
The decrease in crystallite size is attributed to the inhibition of the grain
growth by Sr, Co co-doping [36]. Further, the Bragg's peaks (Fig. 1b)
are found to be shifted towards higher 2θ at higher doping concentration, suggest a structural distortion which is also reflected in lattice
parameter values (Table 1). It is to be noted that the unit cell parameters were found to be decreased with doping, indicating a volume
contraction. This is attributed to the ionic radii mismatch between the
doping elements Sr2+(1.18 Å) and Co2+(0.58 Å) to Bi3+ (1.03 Å) and
Fe3+(0.645 Å) sites respectively. This may lead towards local structure
disorder and decrease in nucleation rate resulting diminution of crystallite size [40]. Similar observation was also reported by Godra et al. in
Ba, Co co-doped BFO system [41]. Further, the Reitveld refinement of
the patterns of end compositions (pure BFO and BSFCO7) was carried
out by FULLPROF program (Fig. S1, supporting information (SI)). The
observed, calculated and difference patterns resulting from the refinement along will low χ2 values suggest a good agreement with R3c
rhombohedral structure. The change in c/a ratio may also induce the
crystal anisotropy and subsequently the ferroelectric polarization [42].
Furthermore, the Goldsmith tolerance factor was calculated using the
relation T = RA + RO . This can be used as a rough estimation for the

2. Experimental section
2.1. Synthesis
BiFeO3 and Bi0.98Sr0.02Fe1-xCoxO3 nanoparticles were prepared
from highly pure (≥ 99%) chemicals of Bi(NO3)3·6H2O, Sr
(NO3)2·6H2O, Fe(NO3)3·9H2O and Co(NO3)2·6H2O by facile sol-gel
route (Scheme 1). The reagents were taken in its stoichiometry ratio
and mixed in ethylene glycol medium with continuous stirring for
30 min at 80 °C, to obtain a clear solution. The solution was dried to
form a gel at 70 °C for 10 h followed by preheating at 400 °C for 1 h with
a ramp rate of 5 °C/min. Finally the homogeneous powder was collected
by annealing the samples at 550 °C for 1 h and repeated washed with
distilled water and ethanol. The as prepared powders Bi1-xSrxFe1-yCoyO3
(x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) are named as BFO,
BSFCO1, BSFCO3, BSFCO5, and BSFCO7.
2.2. Characterization

2 (RB + RO )

structural stability of perovskite compounds [43]. The T factor was
measured using ionic radius and found to be less than one (0.87–0.89),
signifying lattice distortion due to the strain (compressive) acting on
the FeeO or BieO bonds (also confirmed from the mismatch of lattice
parameters and decrease in c/a ratio) [41,42,44,45].

The phase purity and structural characterization were done by X-ray
diffraction using a PANalytical high-resolution X-ray diffraction (XRD)
PW 3040/60 operated at 40 kV and 30 mA with λ = 1.54 Å (Cu-kα
radiation) at 2θ range 20-80o. Morphology of the nanoparticles was
studied using field emission scanning electron microscope (FESEM;Carl
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Scheme 1. Synthesis Process of Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) using a facile sol-gel route.

3.2. Morphology and microstructural analysis

3.3. Dielectric property

The morphology of as-synthesized BFO, BSFCO1, BSFCO5, and
BSFCO7 was recorded using FESEM as shown in Fig. 2 and the inset
shows the colors of the respective samples. The FESEM images reveal
nanoparticles of quasi-spherical morphology and the densely packed
particles are homogeneously distributed. The average particle size was
measured as 64, 61, 57, 53 and 41 nm for BFO, BSFCO1, BSFCO3 (Fig.
S2), BSFCO5, and BSFCO7 respectively indicating a decreasing trend
with dopant concentration. The reduction of particle size is attributed
to the slower growth rate due to co-doping. The results are well correlate with the crystallite size calculated by using Scherer formula
(Table 1). Similar observation has also been reported for La+3 and Se+4
co-doped BFO [29].
Further, TEM images were recorded on two end compositions i.e.
BFO and BSFCO7 and shown in Fig. 3a and d. The average particle size
i.e. 63 and 40 nm for BFO and BSFCO7 respectively, measured from
these TEM image, is well corroborated with FESEM results. Moreover,
the HRTEM image (Fig. 3b and e) depicts clear crystal lattice for BFO
and BSFCO7. The interplanar spacing was found to be 0.28 and 0.29 nm
for BFO and BSFCO7 corresponding to the (110) plane, which is one of
the highest intense peak in the rhombohedral structured BFO (JCPDS
86–1518). Further the selected area electron diffraction (SAED) pattern
(Fig. 3c and f) show the regular diffraction spot pattern for both the
samples, indicating nanoparticles are crystalline in nature. A small
agglomeration of particles has been observed for BSFCO7confirming
the dopant elements.

Fig. 4 shows the frequency dependent room temperature dielectric
constant (ε) and loss tangent (tanδ) of pure and doped samples. It is
found that both ε and tanδ decrease with increase in frequency and
become independent at higher frequency, which can be explained by
Koop's theory [46]. The inset of Fig. 4a represents the magnified lower
frequency region of BFO, BSFCO1 and BSFCO3 nanoparticles. The decrement of dielectric constant may be ascribed to the hopping of electrons from Fe2+ to Fe3+. At low frequency, electric field does not
supply sufficient energy to electron for hopping but with increase the
frequency of electric field, it provides sufficient energy and a point is
reached when hopping of electron is started from Fe2+ to Fe3+ ions. It
is to be noted that the dielectric constant of BSFCO1 and BSFCO3 was
found to be less compared to pure BFO, which is attributed to the higher
ionic radius dopant Sr2+. However, at higher doping percentage, the
BSFCO5 and BSFCO7 nanoparticles exhibit higher dielectric constant
than pure BFO due to the increase in smaller ionic radius dopant Co2+
to Fe site [41]. The results are well agreement with the literature
[47,48]. In particular, Godra et al. reported the decrement of dielectric
constant up to 3% Co doped BFO and then increase for higher doping
concentration [41].
3.4. Leakage current study
Fig. 5 demonstrates the leakage current study of Bi1-xSrxFe1-yCoyO3
(x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles. It has
been observed that the current density increases with increase in
595
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Fig. 1. XRD pattern of Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles (a) 2θ range from 20 to 80oand (b) the high magnified XRD
peaks of 2θ range from 30 to 33o.

applied field (Fig. 5a) for all the samples. There is no considerably
change in leakage current density for BSFCO1 as compared to pure
BFO. The leakage current is reduced nearly one order for 3% Co doped
BSFO than pure BFO. Again, when doping concentration of Co increase
to 5% and 7%, the leakage current density increases which confirms the
loss behaviour of the samples. Similar behaviour was also evidenced
from ferroelectric and dielectric data. This behaviour can be attributed
to the oxygen vacancy of the charge compensation by the valence
fluctuation as Sr2+ doped to Bi3+ site and Co2+ to Fe3+ site [49]. The
samples are showing high leakage current in higher doping concentration of cobalt due to higher level of oxygen vacancies leads to a
higher density of free carriers and therefore, samples shows semiconducting nature, which is an indication of lower band gap that may
induce higher photocatalytic activity [24].
To understand the conduction mechanism of the samples, log J was
plotted versus log E and the slopes were determined by a linear fit as
shown in Fig. 5b. The conduction mechanism depends on the value of
the slope. The conduction process is considered to be Ohmic, when the
slope is ~1 and space charge limited conduction (SCLC) for the slope
~2 and for the slope ˃2, the conduction is due to other mechanisms
such as Poole-Frenkel or Schottky [49,50,51]. In present study, the
slopes were found as 0.835, 0.89, 2.27, 1.09 and 1.0 for BFO, BSFCO1,
BSFCO3, BSFCO5 and BSFCO7 respectively. Here the slope value for all
samples showing Ohmic conduction except BSFCO3. The value of slope

for BSFCO3 is measured to be 2.27 which confirm the Poole-Frankel or
Schottky type conduction [51]. A drastic reduction of leakage current
was observed for BSFCO3 as compared to other compositions, which
may be attributed to reduction of oxygen vacancy by doping of 2% Sr
and 3% Co in both A and B –site. There may be valance fluctuation by
doping of Sr2+ into Bi3+ site and with doping of Co at Fe-site, which
starts balancing the charge compensation. The charge compensation
was optimized to 3% Co doped BSFO and further more oxygen vacancy
was created for higher Co doping. Thus balancing the doping percentage for BSFCO3 shows maximum reduction of leakage current. This
reduction of oxygen vacancy is attributed to the Poole-Frankel or
Schottky type conduction for BSFCO3.
3.5. Ferroelectric analysis
The polarization P versus electric field E (Fig. S3) hysteresis loop of
Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07)
nanoparticles was measured at room temperature under a maximum
electric field of 60 kV/cm at 50 Hz. No breakdown voltage was observed for all the samples (Fig. S3a), which indicates the ferroelectric
response of the samples [52]. The samples show unsaturated PE loop
(Fig. S3a) at maximum field, suggesting ferroelectric property having
lossy behavior. For pure BFO the remnant polarization (Pr) and coercive field (Ec) was found to be 0.058 μC/cm2 and 9.75 kV/cm

Table 1
Structural parameters of Bi1−xSrxFe1−yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles. (Error limit- for a, c = 0.000056; V = 0.00005).
Samples

Crystallite Size(nm)

Strain

d-spacing (nm)

a (Å)

c(Å)

V(Å) [3]

Tolerance Factor

c/a ratio

BFO
BSFCO1
BSFCO3
BSFCO5
BSFCO7

50.63
50.59
48.36
43.87
42.34

0.298
0.318
0.33
0.37
0.39

0.289
0.283
0.274
0.287
0.281

5.5761
5.5623
5.5582
5.5383
5.5322

13.8613
13.8224
13.8214
13.8347
13.8304

373.3415
372.8309
372.7635
371.5758
371.5624

0.871
0.874
0.879
0.88
0.89

2.485
2.485
2.486
2.498
2.50
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Fig. 2. FESEM images of Bi1-xSrxFe1-yCoyO3 with (a) x = y = 0, (b) x = 0.02, y = 0.01, (c) x = 0.02, y = 0.05, and (d) x = 0.02, y = 0.07.

respectively. The remnant polarization increases to 0.101, 0.185, 0.94
and 1.13 μC/cm2 for BSFCO1, BSFCO3, BSFCO5 and BSFCO7 respectively. Moreover, the value of coercive field decreased to 4.2 kV/cm and
7.66 kV/cm for BSFCO1 and BSFCO3 respectively, indicating the reduction of loss behavior of the samples. However, for higher Co concentration, Ec increases to 16.78 and 19.96 Kv/cm for 5% and 7% Codoped sample (Fig. S3b). It indicates the lossy behaviour of the samples,
which may be due to oxygen vacancy or valence fluctuation of the
transition metal ion doping at Fe-site leading to electronic conduction.
This was also confirmed from the increased dielectric loss as discussed

above (Fig. 4) [53]. It is to be noted that for BSFCO5 and BSFCO7
compounds, PE loop suggests more leakage current or glassy nature
with applied electric field. Ec increasing as the amount of doping increases due to the creation of oxygen vacancy by charge imbalance
when Co2+ is doped to Fe3+ site in BiFeO3. This results increases the
conductivity of the samples, which further supported by decrease in
dielectric loss and increase in leakage current. When Ec increases the
electronic conductance increases caused by the oxygen vacancy and
valance fluctuation. But with increasing Co concentration, the remnant
polarization and the maximum polarization increased suggesting

Fig. 3. TEM image of (a) BFO, (d) BSFCO7; HRTEM image of (b) BFO, (e) BSFCO7; SAED pattern of (c) BFO, (f) BSFCO7; The inset of (a and d) shows the average
particle-size distribution of BFO and BSFCO7 respectively.
597
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Fig. 4. Room temperature frequency versus (a) dielectric constant (b) dielectric loss of Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles.

improvement of the ferroelectric property of the samples. Vashisth et al.
reported such type of behavior in ferroelectric hysteresis loop for Sm,
Co co-doped BFO [54,55].

size less than the periodic length (62 nm), it suppresses the cycloidal
spin structure due to large uncompensated spins of Fe+3 ions at the
surface of the BFO nanoparticles. So this breakdown of the spin structure may enhance the magnetic interaction resulting an improved ferromagnetic property [56]. It is also observed that the ferromagnetic
property basically increases with decreasing particle size because of the
increased surface to volume ratio. The BFO particle size is also close to
the spiral spin period 62 nm possess exceptionally enhanced ferromagnetic property, which is considered to be closely related to the
structural anomaly at this particle size, and is also possibly associated
with its intrinsic spiral-modulated spin order [57].
The value of saturation magnetization and remnant magnetization
increased significantly from 0.80 emu/g (BFO) (Fig. 6a) to
Ms = 2.3 emu/g (BSFCO7) (Fig. 6e) and 0.118 emu/g (BFO) to
0.532 emu/g (BSFCO7) respectively. Table S1 shows the saturation
magnetization and remnant magnetization observed for all the samples.
The significant enhancement of magnetic property by Sr, Co co-doping
could be due to the breakdown of the cycloidal spin structure owing its
reduced particle size to nano regime [58]. It is to be noted that the
improved magnetic properties was observed with increase in doping
concentration, which may be due to the structural distortion as confirmed with the larger T-factor discussed in XRD section. It is well
known that, the tolerance factor can change the octahedral rotation and
enhance the exchange bond angle of Fe-O-Fe [8]. Moreover, the
structural distortion can affect Dzyaloshinksii-Moriya (DM) interaction,
leads to spin canting and suppress the cycloidal structure arrangement
and can enhance the magnetization of the doped samples [16,59]. It

3.6. Magnetization analysis
Fig. 6 shows the room temperature DC magnetization measurement
of the Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05,
0.07) nanoparticles. All samples achieved saturation at an applied field
of 10 kOe. Finite values of remnant magnetization (Mr), saturation
magnetization (Ms) and coercive field (Hc) provide clear indication of
ferromagnetic behavior of the samples. It is well known that BiFeO3 is a
G-type antiferromagnetic and its room temperature magnetization
nearly equal zero [4]. Here we reported a non-zero remnant and saturation magnetization for BFO, which is mainly due to the modulation
of spiral spin structure because of it's particle size less than the period
length of spiral spin structure. As the magnetic structure of BFO is of Gtype antiferromagnetic, and the combined action of exchange and spinorbit interactions produces spin canting away from perfect antiferromagnetic ordering, resulting in a spiral spin arrangement with a
wavelength of about 62 nm, and thereby producing a helimagnetic
order and a vanishing magnetization in the bulk. Like many other
materials, BFO shows a variation of properties with the decrease of size.
Enhanced magnetization has been reported in nanoparticles, nanowires
and nanopowders, which is thought to originate from the uncompensated spins at surface. Moreover, some other distinct phenomena in BFO are also associated with size effect. When the particle

Fig. 5. (a) Room temperature leakage current densities (J) vs. electric field (E) and (b) log J vs. log E of Bi1-xSrxFe1-yCoyO3(x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05,
0.07) nanoparticles.
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Fig. 6. Room Temp M-H hysteresis loop of (a)BFO, (b)BSFCO1, (c)BSFCO3, (d)BSFCO5, (e)BSFCO7and (f)Variation of saturation magnetization(Ms), remnant
magnetization(Mr) and coercive field (Hc) with doping concentration.

also observed that the surface to volume ratio is increasing (discussed
latter in BET section) as the volume and crystallite size is decreasing by
doping. Hence, the presence of more uncompensated spins on the surface of the nanoparticles might be the cause of enhanced magnetic
behavior [28]. Additionally the doping of magnetic ions like Co2+ ions
in Fe-site might break down the balance between the anti-parallel sublattice magnetization of Fe3+ [8,34,60]. Therefore, the creation of
oxygen vacancy due to the change in iron state (Fe3+ → Fe2+) as
confirmed from the mössbauer result and leakage current study (discussed later) may be a cause for the improved magnetic property in
higher doping concentration of Co. In particular, Islam et al. found the
enhanced saturation magnetization and remnant magnetization 0.72
and 0.3 emu/g, respectively for the Bi0.8Sr0.2Fe0.95Ta0.05O3 [60]. Recently, Anju et al. observed an optimum value of the saturation and
remnant magnetization of 0.463 emu/g and 0.22 emu/g for
Bi0.8Ba0.2Fe0.95Co0.05O3 nanoparticle respectively [34]. In the present
study, we reported a significant enhanced magnetic property (the saturation and remnant magnetization are 2.3 emu/g and 0.532 emu/g)
by Sr, Co co-doped as compared to Sr, Ta and Ba, Co co-doped BFO
system, which can make it suitable for the application in sensor devices.
3.7. Mössbauer Analysis
Mössbauer spectra were recorded to know the oxidation state and
local environment of iron in the Bi1-xSrxFe1-yCoyO3 (x = y = 0,
x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles. Fig. 7 exhibits the
room temperature Mössbauer spectra of pure and Sr, Co co-doped BFO
nanoparticles operated in constant acceleration mode in transmission
geometry with 25 mCi of Co [57] source in Rh matrix. As shown in

Fig. 7. Mössbauer spectra Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01,
0.03, 0.05, 0.07) nanoparticles at room temperature.
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Table 2
Mössbauer parameters of as-synthesized Bi1-xSrxFe1-yCoyO3(x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles.
Sample

Fe sites

BSFO

Sextet A (Fe3+)
Sextet B (Fe3+)
Doublet (Fe3+)
Sextet A (Fe3+)
Sextet B (Fe3+)
Doublet (Fe3+)
Sextet A (Fe3+)
Sextet B (Fe3+)
Doublet (Fe3+)
Sextet A (Fe3+)
Sextet B (Fe3+)
Doublet (Fe2+)
Sextet A (Fe3+)
Sextet B (Fe3+)
Doublet (Fe2+)

BSFCO1
BSFCO3
BSFCO5
BSFCO7

Isomer shift
(δ) mm/s
± 0.01

Quadrupole splitting (∆EQ) mm/s
± 0.01

Hyp. Mag.
field
(Hhf) Tesla
± 0.05

Relative Area, RA (%)

Line width
(Г) mm/s
± 0.05

Goodness of fit
(χ2)

0.373
0.363
0.256
0.362
0.372
0.243
0.356
0.358
0.251
0.344
0.348
1.014
0.359
0.337
0.936

0.326
−0.05
0.395
0.259
−0.107
0.538
0.256
−0.113
0.543
0.115
0.006
1.262
0.160
−0.235
0.337

49.73
49.32
–
49.80
49.28
–
49.86
49.36
–
50.02
48.59
–
49.28
48.82
–

51.3
48.1
0.6
60.6
37.9
1.5
62.4
36.7
1.6
25.8
72.5
1.7
71.3
27.9
0.8

0.404
0.393
0.35
0.399
0.449
0.35
0.394
0.452
0.35
0.293
0.596
0.319
0.477
0.418
0.35

1.087
1.045

1.063
0.90
0.93

of Fe and Fe3+was converted to Fe2+. In the present case, the Fe2+ are
in the paramagnetic state (doublet) and the percentage become less
comparatively. So, Fe2+ does not contribute to the ferromagnetism of
the material. Thus, the increase in magnetic performance of BSFCO5
and BSFCO7 is due to the smaller particle size and the super paramagnetic doublet. The appearance of the doublet in each spectrum may
be linked to the decrease in particle size as reported by Park et al. [58]
With an increase in doping concentration of Co, the relative area of the
doublet is increasing as shown in Table 2, which may be attributed rise
of super paramagnetic doublet due to particle size in nano range as
observed from the TEM data (same as above). It is believed that smaller
particles induce more surface imperfections with surface strain anisotropies resulting in increased values of ∆EQ. [62] It can be a cause of the
enhancement of magnetic property. Moreover the change in iron state
from Fe3+ to Fe2+ can create electron hoping, which enhance the
conducting nature of BFO. This result could be correlate to the increase
in dielectric loss and lossy ferroelectric loop. The decrease in band gap
as observed from UV–Visible spectra also confirms the semiconducting
nature of the samples.
3.8. Surface area

Fig. 8. Nitrogen adsorption/desorption isotherms of (a) BFO, (b)BSFCO1, and
(c)BSFCO7.

The effective Brunauer-Emmett-Teller (BET) surface area of the
materials plays a significant role for the enhanced photocatalysis activity [63]. The N2 adsorption−desorption isotherm method was employed to study the specific surface area of as-prepared BFO, BSFCO1
and BSFCO7 nanoparticles (Fig. 8). All the samples exhibit type IV
isotherms with hysteresis loop as per Brunauer classification [64]. The
pore size distributions of BFO, BSFCO1 and BSFCO7 nanoparticles were
estimated from desorption branch via Barrett-Joyner Halenda (BJH)
method as shown in Fig. S4. The low dV/dR values for all the samples
observed from BJH pore size distribution curve confirms the disorderness of the porosity. The specific surface area (total pore volume) was
measured to be 35 m2/g (0.101 cm3/g), 41 m2/g (0.13 cm3/g), and 53
m2/g (0.16 cm3/g) for pure BFO, BSFCO1 and BSFCO7 respectively.
The specific surface area (total pore volume) was found to be increases
with increasing doping concentration of Sr and Co. The larger surface
area of BSFCO7 nanoparticles compared to pure BFO and BSFCO1 nanoparticles can be ascribed to smaller particle size. It is also found that
the specific surface area of BSFCO7 nanoparticles is much higher
compared to BiFe2O3 (1.173 m2/g), BiFeO3/Bi2Fe4O9 (6.018 m2/g), and
Bi2Fe4O9 (4.117 m2/g) reported by Wang et al. [63] The present
BSFCO7 possess higher surface area, which suggests, it can offer large
number of active sites for the photocatalytic reaction, resulting enhanced photocatalytic performance can be achieved.

Fig. 7, all the samples are fitted with 2 sextets (green and blue color)
and one doublet (pink color), the fitted hyperfine parameters were tabulated in Table 2.
The isomer shift is the measure of the oxidation state of iron [61].
The isomer shift values of sextet A and sextet B for all the samples as
observed from Table 2 were found to be in the range of 0.243 to 373,
which confirms the 3+ oxidation state of iron. Further, it can be noticed that with increase in doping concentration of Co i.e. for BSFCO5
and BSFCO7, the double raised shows isomer shift value 1.014 and
0.936 indicating 2+ oxidation state of iron [58]. This is the indication
of Fe2+ may be attributed to the creation of oxygen vacancy due to
charge compensation by doping of divalent Sr2+ to trivalent Bi3+ and
Co2+ to Fe3+ site [21]. Moreover the –ve value of Quadruple splitting
(∆EQ) value for sextet B confirmed the G-type antiferromagnetic nature
of BFO. However, it is to be noted that the ∆EQ value for sextet A was
found to be much higher compared to sextet B, resulting the ferromagnetic behavior of the samples.
Moreover, the magnetic hyperfine field (Hhf) for BFO, BSFCO1 and
BSFCO3 in the range of 49.2 to 49.8 T, indicating the magnetic moment
does not affect up to 0.03 concentration of Co doping. However, with
increase in doping percentage of Co, it can affect the local environment
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Fig. 9. (a) UV–Visible absorption spectra of Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03, 0.05, 0.07) nanoparticles (b) Variation of band gap with doping
concentration of Co.
Fig. 10. (a) UV–vis absorption spectra of
RhB dye solution irradiated for different
time intervals with BSFCO7. (b) The photo
degradation performance of Bi1-xSrxFe1x = 0.02; y = 0.01,
yCoyO3(x = y = 0,
0.03, 0.05, 0.07) nanoparticles along with
P-25 for comparison. (c)The linear fit
curve for RhB as a function of irradiation
time with all the samples. (d) The performance of BSFCO7 for the photo degradation of RhB for 10 cycles.

3.9. Optical properties

position of valence band (VB) and conduction band (CB) at the point of
zero charge was estimated using the following empirical equation [67].

Fig. 9a shows the UV − visible absorption spectra of Bi1-xSrxFe1The absorption profile reveals an abrupt decrease in the absorbance was observed for all the samples in the wavelength range
500–600 nm, demonstrating a bandgap in the visible region. The absorbance was found to be shifted towards higher wavelength region
with increasing the Co-doping contents in BSFO. The red shift of the
absorbance may be attributed to smaller particle size and increased
lattice strain [65]. The bandgap of the samples was measured from the
point of inflection at the first derivative of the UV–vis absorption
spectra [66]. The optical bandgap of BFO, BSFCO1, BSFCO3, BSFCO5,
and BSFCO7 were found to be 2.37, 2.31, 2.22, 2.1 and 1.87 eV respectively (Fig. 9b) [29]. The lower bandgap of BSFCO7 has a suitable
candidate for the efficient degradation of organic dye. Further the band
structures of Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03,
0.05, 0.07) nanoparticles were investigated via electronegativity. The

Ee

ECB =

yCoyO3.

(1)

0. 5Eg

(2)

EVB = ECB + Eg

where EVB and ECB represents the VB and CB edge potentials, respectively. Ee shows the energy of free electrons vs. hydrogen scale
(~4.5 eV) and Eg denotes the optical bandgap measured from UV–Visible absorption spectra. χ is the electronegativity of the semiconductor
and is estimated using following equation [67].

= [(

Bi )

a

×(

Fe )

b

×(

O)

c]1/(a + b + c)

(3)

Here a, b, and c are the number of atoms present in the compound.
Thus χ value for BFO was calculated to be 5.88 eV. Therefore, the
ECB(EVB) of BFO, BSFCO1, BSFCO3, BSFCO5, and BSFCO7 were measured to be 0.195(2.565), 0.225(2.535), 0.27(2.49), 0.33(2.43), and
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0.445(2.315) eV respectively verses normal hydrogen electrode (NHE)
[68].
3.10. Photocatalytic activity
Photocatalysis plays an important role to address the current energy
and environmental issue [69,70]. The photocatalytic activities tests of assynthesized Bi1-xSrxFe1-yCoyO3 (x = y = 0, x = 0.02; y = 0.01, 0.03,
0.05, 0.07) nanoparticles are estimated for the degradation of rhodamin
B (RhB) in aqueous solution (10−5 mol/L) under a 500 W halogen lamp
(visible light). A standard P-25 TiO2 nanoparticles of diameter ∼21 nm is
also tested under visible light irradiation for the comparison. Before irradiation of visible light, as-synthesized photocatalysts was dispersed for
30 min in the RhB dye solution under the dark for the adsorption and
desorption of RhB dye molecules on the Bi1-xSrxFe1-yCoyO3 nanoparticles
surface. Fig. 10a shows the UV–vis absorption spectra of RhB solution
(λmax = 554 nm) for different duration in the presence of BSFCO7 nanoparticles, irradiated by visible light. Fig. 10b shows the plot of C/C0 as
a function of irradiation time ‘t’ (degradation profile), where C0 and C
denotes the RhB dye concentration before and after the t (irradiation
time). A negligible degradation of RhB dye was observed without irradiation (Fig. 10b). The photocatalytic degradation efficiency [(C0eC)/
C0 × 100] of RhB dye was measured to be 62.3, 67, 74.1, 81.8, 93.81
and 69% for BFO, BSFCO1, BSFCO3, BSFCO5, BSFCO7 and P-25 respectively. Additional the RhB degradation rate constant was evaluated
from the linear plot of ln(C0/C) as a function of irradiation time
(Fig. 10c). The rate constant was measured to be in the order of
0.016 min−1
(BFO) < 0.018 min−1(BSFCO1) < 0.019 min−1
(P25) < 0.022 min−1(BSFCO3) < 0.026 min−1 (BSFCO5) < BSFCO7
< 0.045 min−1 (BSFCO7).The photocatalytic degradation efficiency and
rate constant of BSFCO7 was found to be highest among the studied
samples. The present photocatalytic degradation of RhB for BSFCO7 was
found to be higher than previous reports on BFO [71,72]. Table S2 shows
the comparison table for the photocatalytic degradation of RhB dye using
BFO based materials. This is attributed to higher surface area, lower band
gap and smaller particle size. The lowest performance for the degradation of RhB was observed by pure BFO nanoparticles, which is ascribed to
lower surface area and large particle size. Further stability and efficiency
of a material plays important roles for practical application. Fig. 10d
shows the RhB degradation efficiency of BSFCO7 nanoparticles as a
function of number of cycles (10 cycles). The degradation efficiency was
found to be 93.81% for the first cycle and 92.78% for the tenth cycle. The
rate decrease of 1% efficiency after 10th cycle for the degradation of RhB
dye using BSFCO7 nanoparticles, suggesting its potential for the practical
utility of the sample.
The photocatalytic degradation mechanism of RhB under visible
light irradiation in the present system can be explained by e−−h+ pair
formation, separation at the semiconductor and the increased surface
reactive sites of the reactive species for the degradation of any organic
contaminants. In the present case, as-synthesized samples exhibit band
gap in the visible region (Scheme 2). Therefore, under visible light large
number e−−h+ pairs absorbed by the Bi1-xSrxFe1-yCoyO3 (x = y = 0,
x = 0.02; y = 0.01, 0.03, 0.05, 0.07) catalyst and thus the photocatalytic performance is observed. The free electrons in conduction
band (CB) of BSFCO reduce oxygen molecule to superoxide radicals
(O2/*O2−), however holes in the valence band (VB) was not sufficient
to oxidize water or hydroxide ion to hydroxyl radical (*OH, H+/H2O
and *OH/OH¯). Hence, free electrons react with O2 to form *O2− [73].
The *O2−can be transformed to hydroperoxyl radical (*HO2) and then
converted to hydrogen peroxide (H2O2) and *OH. Besides H2O2 can also
produce *OH. As a result, the produced hydroxyl radicals (*OH) would
react with the RhB dye and degrade it to H2O and CO2. In order to
confirm the hydroxyl radical formation in presence of BSFCO catalyst
under visible light irradiation, a simple terephthalic acid (TA) test was
performed using photoluminescence (PL) spectroscopy [74]. When TA
reacts with hydroxyl radical, 2-hydroxy terephthalic acid (HTA) was

Scheme 2. Schematic diagram for the basic mechanism of photocatalysis

formed and shows a strong luminescence peak at 426 nm. The PL
spectra of TA solution mixed with BSFCO7 catalysts for different
duration under light irradiation was shown in Fig. S5. It is to be noted
that without light irradiation, no luminescence intensity was detected,
suggesting the absence of HTA. However, the luminescence intensity
was found to be increased with increasing the irradiation duration. This
indicates the increase in HTA content, suggesting the more number of
hydroxyl radicals formation under light irradiation in the aqueous solution with BSFCO photocatalysts. The primary involved reaction steps
for the degradation of RhB dye on the semiconductor surface are given
below [75].

BFO/BSFCO + light (h )

BFO/BSFCOVB (h+) + BFO/BSFCOCB (e )
(4)

O2 – + BFO/BSFCO

O2 + BFO/BSFCOCB (e )

O2 – + H2 O
HO2 + H2 O
H2 O2

HO2 + OH–
H2 O2 +

OH

(6)
(7)
(8)

OH

OH + RhB dye

(5)

CO2 + H2 O

(9)

Here the reaction for the degradation of dye was carried out on the
as-synthesized materials surface. Therefore, the surface area of the
samples plays a vital role in the photocatalysis for the degradation of
RhB dye. In addition to the lower band gap, high dielectric loss, and the
larger surface area of BSFCO7 is thus another essential factor for its
superior photocatalytic activity.
4. Conclusions
In summary, pure phase BiFeO3 and Bi0.98Sr0.02Fe1-xCoxO3
(x = 0.01, 0.03, 0.05 and 0.07) nanoparticles were successfully synthesized by facile sol-gel route. The significant reduction of average
particle size (64 to 41 nm) suggesting the successful co-doping of Sr, Co
into BiFeO3 lattice. The introduction of Sr, Co co-doping into BiFeO3
lattice improves the multiferroic and photocatalytic activity. The ferroelectric lossy loop observed with high value of spontaneous polarization, remnant polarization in higher doping concentration of Co. The
significant enhanced magnetic property was observed by Sr, Co codoping in BiFeO3 nanoparticles. Highest value of saturation magnetization (Ms = 2.3 emu/g), remnant magnetization (Mr = 0.532 emu/g)
and
coercive
field
(Hc = 786.59 Oe)
was
obtained
for
Bi0.98Sr0.02Fe0.97Co0.07O3 nanoparticle (BSFCO7), which is much higher
compared to pure BFO. Further, Mössbauer spectroscopy confirms the
change in oxidation state of iron from Fe3+ to Fe2+ with higher doping
602

Applied Surface Science 493 (2019) 593–604

A. Puhan, et al.

concentration of Co. Moreover, the specific surface area was found to be
highest (53 m2/g) for BSFCO7 compared to pure BFO, due to its smaller
average particle size. The band gap of pure BFO was tuned from (2.37
to 1.87 eV) by doping of Sr and Co, which enhance the photocatalytic
performance of the synthesized samples. The photocatalytic degradation of RhB dye was found to be highly efficient for BSFCO7 (degradation efficiency ~ 93.81%) under visible light irradiation in a
duration of 60 min. This was due to larger specific surface area, smaller
average particle size and lower band gap. The recycling ability of the
material was tested and found to be negligible (~1%) decrease in degradation efficiency after ten cycles, suggesting highly stable for practical application. The present investigation illustrates the importance of
as-synthesized Bi0.98Sr0.02Fe0.97Co0.07O3 nanoparticles for the degradation of hazardous organic dye (RhB) and multiferroic device applications.
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