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INTRODUCTION

Both the air and the water are contaminated by the ongoing
rapid industrialization. The wastewater from textile, leather,
cosmetic and paper industries contains organic dye molecules.
The organic dye molecules are diluting and mixing to the water
even in low concentration, which results in substantial water
contamination. The dye-contaminated waste water is very
harmful for water in habitated plants and organisms and also
harmful for whole ecosphere [1,2]. Therefore, there is an urgent
need to invent technique to decontaminate dye wastewater to
make it useful for human beings. Several approaches have been
used to overcome this issue [3-5]. In the field of solar radiation
transformation and atmospheric purification, photocatalysis
of semiconductor based nanomaterial have emerged as one of
the most promising “green and safe” purification technologies
in recent decades [6-10]. Photocatalysis, in which solar source
available in abundance and the free of cost, is one of the most
favourable and energy efficient methods at low cost to convert
solar power into chemical energy in semiconductors. Although
semiconductor materials like TiO2, ZnO and CdS are extensi-
vely studied as photocatalyst, their large band gaps have resulted
in limited photocatalytic activity under visible light [6-12].
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Recent years have seen a significant increase in interest
in bismuth based semiconductors because of their unusual
structure and distinctive physical characteristics [13-15]. The
intrinsic multiferroic property of BFO, along with its narrow
band gap, high chemical stability and non-toxicity, has allowed
it to become a prominent material in the field of semiconductor
photocatalysis. Its photocatalytic properties under visible light
have also been extensively studied in recent years [14,16-19].
The rhombohedral distorted perovskite structure of bismuth
ferrite, BiFeO3 (BFO), with a space group of R3c, demonstrates
simultaneous ferroelectric (TC ~ 830 ºC) and antiferromagnetic
(TN ~ 370 ºC) ordering [20-22]. Despite its potential in photo-
catalysis, the synthesis single-phase bismuth ferrite nanoparticles
area very difficult task caused by its short temperature stability
range [23,24]. To synthesize BFO nanoparticles various appro-
aches have been adopted [25,26]. These processes are compli-
cated or require for high temperatures during the calcination
process, which causes bismuth to be lost by volatilization and
gives the BFO phase in addition to impurity phases such as
Bi2Fe4O9, Bi36Fe24O57, Bi2O3 and Fe2O3, among others [24,25].
Among them, the sol-gel approach is especially interesting
since, in contrast to other approaches, it guarantees accurate
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control over the composition of the precursor, tunability and
ease of processing through efficient mixing and dispersion of
cations in solution.

By using sol-gel method nanocrystalline BFO has been
synthesized with various complexing agents, for example,
polyvinyl alcohol, ethylene glycol and glycerol monomer, which
have only -OH group but not COOH group are used in synthesis
of BFO and these all can synthesized pure BFO easily [27-29].
By using tartaric acid (having two OH and two COOH group)
and malic acid (having one OH groups and two COOH groups)
single phase BFO can also be synthesized [30]. However, single
phase BFO cannot be synthesized by utilizing succinic acid and
malonic acid, which contains two COOH groups but no OH
groups [31]. Citric acid contains one OH group and three COOH
groups. Thus, for synthesis phase pure BFO the citrate method
cannot be used [32]. When ethylene glycol is used as polymeri-
zing agent, citrate precursor can be used to obtain pure BFO
but malonic acid, succinic acid and EDTA (with four COOH,
no OH) precursors do not act similarly [31,33,34]. Consequen-
tly, it is significant that the OH group facilitates BFO formation
while the COOH group discourages formation. Thus, the synth-
esis of pure BFO with a new complexing agent having more
OH groups and less COOH groups is possible [35].

In present work, a simple sol-gel method is applied with
complexing agent propylene glycol (two OH groups and no
COOH group) to synthesize pure BFO nanoparticles calcined
at 400 ºC. As synthesized pure BFO nanoparticles were charac-
terized for their crystal structure, size, morphology and band
gap.

EXPERIMENTAL

Analytical grade chemicals were utilized without additional
purification viz. propylene glycol (Thomas Baker, India), nitric
acid (Merck, Germany), ferric nitrate nonahydrate and bismuth
nitrate pentahydrate (Sigma-Aldrich, USA). Precursor solution
preparation involves the mixing Bi(NO3)3·5H2O (dissolved in
diluted nitric acid) and Fe(NO3)3·9H2O (dissolved in distilled
water) solutions in the appropriate mole ratio. Under continuous
stirring, complexing agent was mixed to the aforementioned
solution in a 1:1 mol ratio with respect to metal nitrates. After
that, the mixture was heated to about 100 ºC while being contin-
uously stirred until all of the liquid evaporated. The resulting
fluffy brown powder was calcined in muffle furnace under
ambient environment at 400 ºC for 2 h and yields well-crystal-
lized BFO nanoparticles. The bismuth solution has relatively
low calcination temperature and this minimizes the possibility
of loss of volatile bismuth.

Characterization: Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) of the precursor were

conducted using a Mettler Toledo Star System TGA/DSC instru-
ment, with a heating rate of 10 ºC/min under ambient conditions
up to 850 ºC. A Bruker Vertex-70 Fourier transform infrared
(FT-IR) spectrometer was employed to determine the chemical
connectivity of the BFO precursor and powder. The X-ray diffr-
action (XRD) analysis was performed using an X’Pert Pro
(PANalytical, Netherlands) operating at 40 kV and 40 mA
with Ni-filtered CuKα radiation (λ = 0.15406 nm) to assess
the phase purity and crystal structure of the calcined powders.
The morphology and crystallinity of the sample were examined
with a transmission electron microscope (TEM) (FEI Technai
G2 U-Twin) at an accelerating voltage of 200 kV. The X-ray
photoelectron spectroscopy (XPS) data were obtained using a
commercial electron energy analyzer (Specs GmbH, Germany)
equipped with five channeltrons and an Al Kα laboratory X-ray
source operating at 100 watts, under a base pressure of 3 × 10–10

mbar. The Raman measurements in the 100-800 cm-1 range at
room temperature were carried out with a Raman spectrometer
(WITec, GmbH, Germany) using an excitation wavelength of
514.5 nm. The UV-visible absorption spectra of the BFO nano-
particles were recorded with a Varian Cary-100 UV-visible
spectrophotometer.

RESULTS AND DISCUSSION

Thermal studies: The thermal decomposition stages of
the BFO precursor powder are revealed by the TGA/DSC/DTG
curves as displayed in Fig. 1. The breakdown of nitrate, carboni-
zation and volatilization of propylene glycol and the dehydra-
tion of precursor may all be responsible for the weight loss of
around 41% that occurred in the range of temperature between
ambient temperature and 500 ºC. Water loss is the cause of the
endothermic reaction at Tmax, DSC ~ 80 ºC (broad Tmax, DTG
~ 53 ºC). The Tmax, DSC~170 ºC (Tmax, DTG ~ 180 ºC) exoth-
ermic process is ascribed to the breakdown of anions NO3

–

(non-carbonized) and other nitrogen-containing compounds.
A weight loss of around 14% along with an exothermic reaction
around Tmax, DSC~250 ºC (Tmax, DTG ~ 240 ºC) are probably
caused by breakdown through oxidation of the gel network
and also by the burning of the majority of the organic comp-
onents. Weight reduced around 460 ºC may be associated with
the metal oxide phase formation of the perovskite BFO with
loss of nearly ~ 3 % carbon trapped combustion to CO2 gas
(Table-1). BFO change its phase from (phase transition) from
ferroelectric to paraelectric (TC), which leads to the structural
change, is responsible for the endothermic peak at 830 ºC [36].

FT-IR spectral studies: The FT-IR spectra BFO powders
calcinated at 400 ºC and the precursor were acquired in the
4000-400 cm-1 range. Due to O–H stretching, broad absorption
band in the 3500-3000 cm–1 region can be found which disap-

TABLE-1 
STEPS FOR THERMAL DECOMPOSITION FOR Bi(NO3)3·5H2O–Fe(NO3)3·9H2O–PROPYLENE  

GLYCOL PRECURSORS RECORDED WITH THE HEATING RATE OF 10°/min 

Steps Temperature range (°C) Observed weight loss (%) Species decomposed TDSC (°C) 
I 25-150 14.12 H2O 80 (endo) 
II 150-200 10.21 NO3

– 170 (exo) 
III 200-300 14.37 Metal organic complexes 250 (exo) 
IV 300-500 3.07 CO2 460 (exo) 
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Fig. 1. TGA/DSC/DTG curves of the BFO powder precursor

peared when the temperature of the thermal treatment increases
400 ºC [35,37]. Strong bands at ~1670 and ~ 1300 cm–1 are
attributed to C=O linkages that result from NO3

– ions oxidizing
propylene glycol’s secondary C–OH group [35,38]. The strong
bands at around 1590 for symmetric (νs) and 1350 cm–1 for
antisymmetric (νas) of the carboxylate (COO–) group, which
are produced when the primary C–OH group of propylene glycol
oxidizes [35,39]. Carboxylic groups produced here coordinated
with the Fe(III) and Bi(III) cations to form carboxylate type
complexes. In present study, the difference between νas and
νs, which has a value of ~ 240 cm-1, indicates that the carboxy-
late group formed above coordinates as monodentate (Fig. 2)
[35,40].
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Fig. 2. FTIR spectra of BFO powder (i) precursor and (ii) calcined at 400 °C

The appearance of nitrate ions is responsible for the bands
at approximately 1384, 1015 and 800 cm-1 [28,38]. All of the
organic peaks found in infrared range of the sample heated to
400 ºC for 2 h vanish and two new absorption peaks of ~548

and ~445 cm-1 are appeared. These peaks indicate the occurrence
of Fe–O bond stretching and bending vibrations within the
FeO6 octahedra in the perovskite compounds [35,41].

XRD spectral studies: Fig. 3 shows the X-ray diffraction
patterns of the precursor and BFO powder calcined at 400 ºC
for 2 h. After heat treatment, the BFO phase begins to form,
fully developing at 400 ºC, as evidenced by the appearance of
intense diffraction peaks. The observed peaks in the XRD
patterns can be indexed according to the powder diffraction
data found on JCPDS card No. 86-1518. It shows that the
diffraction peaks related to the BFO rhombohedral perovskite
structure and the absence of distinctive peaks from any other
phase suggests that phase pure BFO was formed via this path-
way. The diffraction peaks of the calcined sample exhibit a
significant line broadening indicates nanocrystalline nature
of the synthesized BFO. The average crystallite size is estimated
to be approximately 25 nm using the Scherrer’s equation (eqn.
1), based on the (012), (104), (110), (202) and (024) peaks,
after removing the instrumental contribution [42].

0.9
D

cos

λ=
β θ (1)

Here, D represents the average crystallite size, λ = 1.5406 is
the X-ray wavelength and â is the corrected full width at half
maximum (FWHM) of the diffraction peak at the diffraction
angle 2θ.
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Fig. 3. XRD patterns of BFO powder (i) precursor and (ii) calcined at 400 °C

Morphological studies: Fig. 4 shows the TEM image of
the perovskite-type BFO synthesized at 400 ºC. In the process
of synthesis, it has been established that the substance consists
of nanoparticles. Moreover, the BFO particles show a uniform
characteristic with size distribution ranging between 30 to 50
nm, which is much smaller than that of size distribution range
of bulk BFO reported in the range of 1-3 µm and revealed that
for the preparation of nanoscale BFO particles with uniform
features sol-gel process is one of the best methods.

The XPS measurement at room temperature was performed
to identify the compostion, chemical and electronic state of
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TABLE-2 
COMPARISON OF THE RAMAN MODE POSITIONS (cm–1) FROM PRESENT STUDY ON  

BFO NANOPARTICLES WITH REPORTED DATA ON SINGLE CRYSTALLINE BFO 

Raman modes Present study Fukumura et al. [47]  Singh et al. [48]  Yuan et al. [49]  Mode assignments 
A1-1 140.2 147 136 136 Bi-O 
A1-2 172.4 176 168 168 Bi-O 
A1-3 220.3 227 212 211 Bi-O 
A1-4 427.0 490 425 425 Bi-O 
E-1 – 77 72 – Bi-O 
E-2 265.4 260 – – Bi-O 
E-3 275.5 279 275 275 Bi-O 
E-4 345.6 351 335 335 Bi-O 
E-5 370.2 375 363 365 Fe-O 
E-6 470.3 437 – 456 Fe-O 
E-7 525.0 473 456 – Fe-O 
E-8 540.8 525 549 549 Fe-O 
E-9 603.4 598 597 597 Fe-O 

 

Fig. 4. TEM image for BFO nanoparticles prepared at 400 °C

an element. The XPS survey spectrum from 0 to 1000 eV is
displayed in Fig. 5 for BFO nanoparticles synthesized at 400
ºC, which indicates that when electrons are directly excited
from core levels, a series of sharp peaks are observed. The
prominent Bi 4f, Bi 4d and O 1s peaks, along with the less
intense Bi 4p and Fe 2p peaks, confirmed the presence of Bi,
Fe and O elements in the BFO nanoparticles. The spin-orbit
doublet components of the Fe 2p photoemission, 2p3/2 and 2p1/2,
are detected at 710.8 eV and 724.2 eV, respectively [43]. These
peaks are characteristic of Fe3+ and consistent with the literature
data [44]. The spin-orbit doublet components of the Bi 4f photo-
emission, 4f7/2 and 4f5/2, are observed at binding energies of
158.8 eV and 164.2 eV, respectively and these peaks belong
to Bi3+ [45]. The XPS also confirmed that in the synthesized
BFO, Bi and Fe are present as Bi3+ and Fe3+valence state and it
has a single phase agreement with the XRD results [43].

Raman spectral studies: Fig. 6 shows the Raman spectra
at room temperature for the precursor and BFO powders calcined
at 400 ºC. According to group theory, 13 Raman-active modes
(Γ = 4A1 + 9E) are predicted for BFO, a perovskite with a
rhombohedrally distorted structure and R3c space group [46].
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Fig. 5. XPS wide range spectrum analysis for BFO nanoparticles
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In this study, eight transverse optical phonon modes with E-
symmetry (E (TO)) and four transverse optical phonon modes
with A1-symmetry (A1 (TO)) have been observed [43]. A peak

[47] [48] [49]
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at 427.0 cm–1 with weak scattering intensity is classified as
the A1–4 mode, while the three peaks with strong scattering
intensities at 140.2, 172.4 and 220.3 cm-1 are identified as the
A1–1, A1–2 and A1–3 modes, respectively [35]. The next eight
peaks with medium scattering intensities at 265.4, 275.5, 345.6,
370.2, 470.3, 525.0, 540.8 and 603.4 cm-1 correspond to the
E–2, E–3, E–4, E–5, E–6, E–7, E–8 and E–9 modes, respec-
tively [35]. The Raman data (Table-2) observed for the poly-
crystalline BFO sample align well with previously reported
single crystal BFO data by Fukumura et al. [47]. Similarly, it
is consistent with the epitaxially grown BFO thin film data from
Singh et al. [48] and BFO ceramic data from Yuan et al. [49]
in terms of relative scattering intensity and mode frequency.

Optical properties of BFO nanoparticles: UV-vis DRS
spectroscopy are used to investigate the optical characteristic
of synthesized BFO NPs at room temperature and result are
shown in Fig. 7. As the absorption cut-off wavelength is close
to 600 nm, synthesized BFO nanoparticles may absorb visible
light in the 400-600 nm range. This indicates that synthesized
BFO NPs can absorb a significant quantity of visible light. To
find the optical band-gap (Eg) of BFO NPs, the Tauc’s formula
is used which is given by, ¦

(αhν)2 = B(hν – Eg)

where α, h, ν, Eg and B stand for absorption coefficient, Planck
constant, light frequency, band gap and a constant, respectively
[50]. Fig. 7b displays the variation of (αhν)2 versus (hν).

The linear part of the plot is fitted and the linear region is
extrapolated on the energy axis, then the optical band gap was
found to be 2.08 eV. Nguyen et al. [51] reported the band gap
between 2.1-2.2 eV for the BFO nanoparticles synthesized by
sonochemical method. Taazayet et al. [52] and Othman et al.
[53] have observed the band gap 2.12 eV for the BFO nano-
particles synthesized by hydrothermal method. Nazeer et al.
[18] found the band gap of 2.1 eV for the BFO nanoparticles
synthesized by microemulsion route. The observed band gap
of 2.08 eV in present work is consistent with these reports.
The small band gap of 2.08 eV suggests that synthesized BFO

nanoparticles has potential application as visible or sunlight-
mediated photocatalyst. It is anticipated that the synthesized
BFO NPs with small crystallite size (based on XRD and TEM
data) will have significant visible-light absorption capabilities
towards efficient degradation of organic pollutants in the visible
light range.

Conclusion

The sol-gel method using propylene glycol as complexing
agent, successfully synthesizes pure BiFeO3 nanocrystallites.
The thermogravimetric analysis of as prepared BiFeO3 pre-
cursor show the weight loss of ~ 41% between temperature
range of room temperature and 550 °C is allocated to dehydration
of the precursor, the decomposition of nitrate, the carbonization
and volatilization of propylene glycol. The XRD analysis and
Raman observation show that pure perovskite rhombohedral
BiFeO3 phase with R3cis synthesized after heat treatment at
400 °C for 2 h. The average crystallite size is get to be ~ 25 nm.
The TEM studies show that all structure show nearly the spher-
ical shape of particle constitutes the size range of 30-50 nm.
The XPS spectra reveal that pure BiFeO3 nanoparticles have
single phase with Bi3+ and Fe3+ valence state. The optical band
gap of BiFeO3 is found to be 2.08 eV confirms that synthesized
BiFeO3 nanoparticles behave as efficient photocatalyst for the
photocatalytic degradation of organic pollutants in the presence
of sun light.
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