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ABSTRACT

Herein, the egg white-mediated synthesis of BiFeO3 (BFO) cubes has been

demonstrated using it as metal complex-forming agent during the sol–gel pro-

cess. The BiFeO3 phase is confirmed using XRD technique, while the XPS spectra

confirmed the native oxidation state of the elements and chemical composition.

The XPS studies also showed that synthesized BFO particles via conventional

sol–gel method possess oxygen vacancies, while no such defect is observed in

BFO cubes. The cubic morphology with average size of 150 nm is observed from

their FESEM images, while irregular particles of size around 300 nm is observed

for BFO synthesized via conventional sol–gel process. The bandgap energy of

particles and cubes is estimated to be around 2.32 and 2.36 eV, respectively, and

the observed reduced bandgap energy could be due to the defects induced new

energy level in BFO particles, while the increased bandgap energy of BFO cubes

is attributed to their discrete band energy structure due to their uniform cubic

morphology. The solar-driven photocatalytic efficiency toward degradation of

methylene blue (MB) dye is found to be enhanced for BFO cubes (99.6%) as

compared to particles (73.2%) at the end of 3 h, which attributed to the existence

of improved charge separation, recombination resistance, rich surface-active

sites, and suitable redox potential in BFO cubes as corroborated from their XPS,

PL, and scavenger studies. The photocatalytic recyclability tests up to 5 cycles

indicated that BFO cubes is photochemically stable and can be employed for

durable photocatalytic degradation applications.

Address correspondence to E-mail: balasuga@yahoo.com

https://doi.org/10.1007/s10854-022-08213-w

J Mater Sci: Mater Electron (2022) 33:12638–12647

http://orcid.org/0000-0002-7764-5865
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-022-08213-w&amp;domain=pdf


1 Introduction

In recent times there is a spotlight on bismuth ferrite

(BiFeO3/BFO) owing to its unique and excellent

multiferroic properties [1, 2]. BFO is a single-phase

perovskite (ABO3) structured compound that exhibits

simultaneous ferroelectric and G-type antiferromag-

netic properties in room temperature with Neel

temperature of 643 K and Curie temperature of

1103 K [3–5]. It is considered as an interesting mate-

rial due to the origin such as the 6 s lone pair elec-

trons of Bi3? ions are responsible for ferroelectricity

[6], while the magnetic ordering originates due to the

partially occupied d orbital in Fe3? ions [7]. In addi-

tion to its multiferroic-based applications, BFO is also

a visible light-driven photocatalytic material that

largely explored for organic pollutant degradation

and water splitting applications [8].

Organic dyes and pharmaceutical molecules such

as antibiotics pose a serious threat to the environment

due to their non-degradable nature, carcinogenic

nature, and toxic impacts on the soil, water, and air

[9, 10]. Toward addressing such issues, the oxidation

techniques such as advanced oxidation process

(AOP) can be helpful in degrading these harmful

chemicals into harmless products such as CO2 and

H2O [11, 12]. In this direction, semiconductor pho-

tocatalysts are used as an activator to conduct this

advanced oxidation process and these semiconductor

photocatalysts can be ideal systems due to their non-

toxic and low cost in nature, where their properties

can be also easily tuned via doping, composite for-

mation, size, and shape controlling of the particles

[13–15].

Considering the perovskite-based materials, it is

largely demonstrated that the controlling of ’A’ and/

or ’B’ sites through doping or by influencing the

particle size and shape can lead to the modifications

in the overall properties of the material [16]. For

instance, it is demonstrated in BFO that the change of

material structure from particle (3D) to fiber (1D) can

enhance the electrical and magnetic properties via

delocalization of electrons and via tuning the canted

spin structures, respectively, in BFO [17, 18]. There-

fore, synthesis of BFO with different morphologies

such as flowers [19, 20], fibers [21, 22], sheets [23],

and rods [24] can be a straight forward approach to

enhance its properties for the given applications

[25–27]. The egg white synthesis of nanomaterials has

been proposed as a low-cost and biologically friendly

alternate to chemical and physical methods [28, 29]. It

is known that the egg white is a biological viscous

liquid that has important biomolecules such as amino

acids and proteins such as albumin and lysosome

[30]. These molecules help material to have highly

reactive surfaces due to their surface functionaliza-

tion effect and size/shape controlling effect during

the growth of nanomaterials [31]. This ultimately

results in enhancing the properties of nanomaterials,

especially, the photocatalytic properties in the pre-

sent case. In this context, herein, we have demon-

strated the synthesis of BFO using egg white as metal

complex agent in sol–gel process and obtained the

BFO particle with cubic morphology, whereas the

conventional sol–gel process yielded the BFO parti-

cles with irregular shapes. The comparative studies

of these morphologies showed that the properties of

BFO can be enhanced by changing its shape from

irregular shape to cubic shape which possibly alters

the band structure via the morphology-induced

confinements in the system.

2 Experiment

2.1 Material synthesis

In the typical sol–gel procedure, 1:1 ratio of nitrate of

bismuth and iron (Bi(NO3)3 5H2O and Fe(NO3)3-

9H2O) was dissolved in 15 mL of double distilled

(DD) water using a magnetic stir. To this, 1 mL of

70% conc. HNO3 was added to attain a transparent

solution. Then, tartaric acid at an optimized ratio of

1:2 with respect to the metal ions was added to the

above solution for the gelling purposes. The obtained

mixture was heated at 80 �C for 2 h under stirring

and dried to powders. The final product was grinded

into a fine powder using mortar and pestle and cal-

cinated at 600 �C for 2 h in order to achieve pure

phase BiFeO3. The same process was repeated to

prepare the BFO cubes, wherein the 10 mL of egg

white was used as gelling agent instead of tartaric

acid.

2.2 Materials characterizations

X-ray diffraction (XRD) analysis was carried out

using Cu Ka (XRD-Analytical Instruments). Mor-

phological images on the prepared samples were

taken using field-emission (FE) scanning electron
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microscope (FESEM from Hitachi HighTech SU6600);

elemental composition and chemical valence state of

the atomic elements in the samples were analyzed

using X-ray photoelectron spectroscopy instrument

from Scienta Omicron-Nanotechnologies. The pho-

toluminescence (PL) spectrometer from HORIBA

Jobin Yvons Lab and UV–Vis diffuse reflectance

spectrometer (UV–Vis Abs/DRS-Perkin Elmer) tech-

niques were employed for optical property analyses.

2.3 Photocatalytic experiment

The photocatalytic properties of the synthesized BFO

particles and cubes on their efficiency toward

degradation of methylene blue (MB) dye were

examined under direct sunlight exposures. In the

typical investigation, 10 ppm MB solution was pre-

pared as a stock. 100 mL of this dye-solution was

taken and 50 mg of photocatalyst was dispersed.

Then, the mixture was kept under stirring in dark for

30 min to attain the sorption equilibrium. Finally, the

solution was irradiated with sunlight and the

degradation of MB was observed in timed period

using UV–Visible spectrometer. The intensity of

sunlight was measured using a digital Lux meter (LT-

LutronLX-10/A, TES Electrical Electronic Corp.,

Taiwan), and the average lux was measured to

be * 11 9 104 ± 100 lx. The same experimental

protocol was used during recycle test, which is con-

ducted for 5 cycles.

3 Result and discussion

3.1 Phase and structure analysis

The phase confirmation of the synthesized BFO par-

ticles and cubes was executed using X-ray diffraction

technique and the obtained patterns are given in

Fig. 1a, b. The diffraction peaks are observed to be

well matched with standard JCPDS data #71-2494,

wherein the crystal system of the formed particles

and cubes was found to be single-phase BiFeO3 per-

ovskite material with rhombohedral system in R3c

space-group [32, 33]. It should be noted that there is

no additional and/or secondary phase observed in

the patterns, which indicates that the formed mate-

rials are impurity/secondary phase-free systems. The

crystallite size of the prepared BFO particles and

cubes was estimated using the basic Scherrer’s

equation [1] corresponding to the doublet peaks (104)

and (110) and found to be * 26 and * 33 nm.

D ¼ Kk
b cos h

ð1Þ

where D is the average crystallite size, k is the X-ray

wavelength, b is the full width at half maximum

(FWHM), h is the Bragg angle, and K is crystallite

shape constant, which is 0.9 corresponding to

spherical shape of the crystallites. Furthermore, the

lattice parameters such as (a = b, c) and volume

(V) are calculated using the X’pert HighScore soft-

ware equipped in the XRD instrument and the

obtained values are given in Table 1.

3.2 Morphological analysis

The morphology of synthesized BFO samples is

analyzed using FESEM and the acquired images are

displayed in Fig. 2a–d. It can be seen that the mor-

phology of BFO synthesized using tartaric acid is

found to be irregular and agglomerated structure

with particle size ranging from 250 to 500 nm,

whereas the egg white-synthesized BFO is found to

be with cubic morphology with size ranging from 80

to 200 nm. The observed cubic morphology of the

material can be directly attributed to the egg white

used as a gelling agent in the synthesis process. Egg

white essentially a viscous and protein-rich liquid

and contains other biomolecules that act as a matrix

for the controlled growth the of BFO crystals [34, 35].

The cubic morphology could be originated due to the

shape-directing behavior of the biomolecules present

in the egg white. It is clear that the use of egg white

can be effective in terms of controlling the particle

size and shape of BFO materials and especially, it can

be a suitable alternative gelling agent for the partial

green synthesis of BFO nanostructures [36].

3.3 Chemical valence state analysis

The elemental compositions and chemical valence

state of the atomic elements in the prepared BFO

particles and cubes were investigated via XPS and the

obtained spectra of the individual elements are given

in Fig. 3a–d. The survey spectra as shown in Fig. 3a

confirm the presence of all the required elements in

the system and the absence of any other elements

suggested that the formed BFO materials are impu-

rity-free as corroborated from their XRD patterns.
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The core-level XPS spectra of Bi 4f (Fig. 3b) show

the binding energy peaks of Bi 4f7/2 and Bi 4f5/2 at

158.7 eV and 163.8 eV for particles and 158.3 eV and

163.5 eV for cubes, respectively [37]. This suggests

that the oxidation state of Bi in both system is ? 3.

Similarly, the major peaks appeared at 710.6 eV and

724.4 eV for particles and 711.8 eV and 725.4 eV for

cubes corresponding to Fe 2p3/2 and Fe 2p1/2 [38],

respectively, as shown in Fig. 3c, which indicates that

both the systems possess Fe ions with ? 3 oxidation

state. However, the relative suppression of satellite

peak for BFO particles indicates that there could be

Fe ions with mixed valance states such Fe3? and Fe2?.

This suggests that there could be oxygen vacancies in

the system, which is further confirmed from their O

1s XPS spectra as shown in Fig. 3d.

The peak corresponding to O 1s peak indicating the

lattice oxygen (OL) in the system is appeared at 529.1

and 529.8 eV for particles and cubes, respectively

[39]. The peak profile of BFO particles shows rela-

tively an asymmetric hump in the lower binding

energy and the relative shift of OL peak at 529.1 eV

indicates that the BFO particles possess oxygen

vacancies, whereas the O 1s profile of BFO cubes is

found to be symmetric with appropriate metal–oxy-

gen binding energy indicates that there is no or well

below threshold oxygen vacancies in the system.

Accordingly, it can be correlated that the deconvo-

luted peak corresponding to chemisorbed oxygen

species (OC) is relatively pronounced for BFO parti-

cles (at 533.9 eV) as compared to BFO cubes

(533.3 eV). This further corroborates the existence of

oxygen vacancies in BFO particles as compared to

BFO cubes.

3.4 Optical properties

The bandgap energy of the prepared BFO particles

and cubes is calculated using their UV–Visible dif-

fuse reflectance spectroscopy via Kubelka–Munk

(KM) plots as displayed in Fig. 4a. From the obtained

KM plot, the bandgap energy of BFO particles and

cubes is estimated to be around 2.32 and 2.36 eV,

respectively. In BFO, the bandgap structure is com-

posed of the overlying of Fe 3d and O 2p states.

Therefore, the relative presence of oxygen vacancies

in the system can create a vacancy energy level just

above the valence band maximum in BFO particles

and thus it slightly reduced the bandgap energy of

the system [40]. Furthermore, the energy levels in

these cubic structures can be discrete and caused a

blue shift in the optical property, leading to relatively

Fig. 1 a XRD result of BFO particles and cubes and b zoom-in pattern showing the shift in the doublet peaks with respect to the JCPDS

data

Table 1 Estimated lattice parameters of BFO particles and cubes

Sample a (Å) b (Å) c (Å) Cell volume (V) (Å3)

BFO particles 5.5932 5.5932 13.925 378.42

BFO cubes 5.5847 5.5847 13.893 374.20
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Fig. 2 FESEM micrographs

of BFO a and b particles and

c and d cubes

Fig. 3 a XPS survey spectrum

and narrow scan spectra of

b Bi 4f, c Fe 2p and d O 1 s of

BFO particles and cubes
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an increased bandgap energy in the system [41, 42]. It

should be noted that the band structure engineering

in photocatalytic material is essential in order to

enhance the degradation efficiency via reducing or

delaying the recombination rate of the excited charge

carriers and it can be effectively done through dis-

crete energy levels rather than the materials with

defective or mid-valence band structures in the

system.

The photoluminescence spectroscopy (PL) is

employed as a tool to investigate the photophysical

property of the systems as the PL intensity directly

associates with charge carrier recombination process.

The PL spectrum of BFO particles and cubes as

shown in Fig. 4b is obtained at an excitation wave-

length of 440 nm at RT (room temperature). The PL

peak at 490 nm can be assigned to the emission via

radiative process during the charge recombination in

BFO [43]. From the results, it can be noted that there

is reduction in the intensity of PL peak for BFO cubes

as compared to particles. This reduced PL intensity

can be assigned to the delayed charge recombination

in the system, which can be owing to the enhanced

electron delocalization in conduction band (CB) of

BFO cubes as compared to particles. The reduction in

recombination process can be directly assigned to its

enhanced photocatalytic properties as discussed in

the following section.

3.5 Photocatalytic properties

Photocatalytic performance of the prepared BFO

particles and cubes is analyzed toward their ability of

degrading the methylene blue (MB) dye under the

sunlight irradiation. The obtained degradation spec-

tra, C/C0 plot, rate kinetics, and photocatalytic recy-

clability results are displayed in Fig. 5a–d,

respectively. It can be seen in the C/C0 plot that the

BFO particles and cubes degraded around 73.2 and

99.6% of MB dye, respectively, at the end of 3 h of

sunlight illumination. However, in total of the

observed degradation percentage, around 8 and 21%,

respectively, can be accounted for the dye removal

via adsorption process as it can be seen some

reduction in C/C0 ratio under dark condition. The

enhanced photocatalytic property of BFO cubes could

be attributed to their cubic morphology-mediated

photocatalytic efficiency in the system. Morphology

of a photocatalyst could be one of the factors gov-

erning toward improving the photocatalytic property

as it associates with other intrinsic properties such

defects-free nature, existence of abundant reactive

sites, improved charge separation, and higher

recombination resistance [44]. Accordingly, it can be

corroborated from XRD and XPS results that the BFO

cubes are relatively defects-free in nature and possess

more reactive sites due to their uniform shape and

sharp edges along with higher surface energy as

compared to particles. Furthermore, the observed

reduced PL intensity indicated that the charge sepa-

ration and recombination resistance could be high in

Fig. 4 a Estimation of bandgap energy using Kubelka–Munk plot and b PL spectrum of BFO particles and cubes
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BFO cubes as compared to BFO particles. Therefore,

the observed improved degradation ability of BFO

cubes could be attributed to their morphology-driven

enhanced properties facilitated by the egg white

synthesis process.

Further, in order to investigate the degradation

mechanism, the radicals which are responsible for

degradation of MB is identified via radical scaveng-

ing analysis. In this analysis, the scavengers such as

iso-propanol (IPA), ethylenediamine tetra acetic acid

(EDTA), and p-benzoquinone (BQ) were taken to

scavenge hydroxyl radicals (�OH), holes (h?), and

superoxide (O2
�2) anions, respectively, which evolve

during the photocatalytic reactions. The obtained

results are displayed in Fig. 6a and it showed that the

degraded percentage of MB in the presence of these

scavengers is in the order of BQ[EDTA[ IPA.

These observations indicate that the photocatalytic

degradation of MB dye is largely driven by hydroxyl

radicals as the degradation is largely decreased in the

presence of IPA. This implies that the produced

hydroxyl radicals are captured by IPA rather than

involving in the degradation of the MB dye mole-

cules. Therefore, the radical responsible for the

degradation could be hydroxyl radicals over the

other reactive species such as holes and superoxide

anions. However, it should be noted that followed by

IPA, the degradation percentage was decreased in the

presence of EDTA as well. This can be attributed that

the holes can also be the effective species involving

the direct oxidation of MB dye during the photocat-

alytic degradation process.

Fig. 5 a Photocatalytic degradation of MB dye, b C/C0 plot, c degradation rate kinetics, and d photocatalytic recyclability of BFO cubes
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Based on these observations, a plausible photocat-

alytic mechanism can be proposed as follows. Upon

the solar irradiation, the electrons in the valence band

(VB) are excited to the conduction band (CB) creating

holes (h?) in the VB. These separated carriers further

involve in the reactions as shown in Eq, (1)-(4), where

the produced holes (h?) oxidize the water molecules

to produce hydroxyl radicals (�OH) and they also

directly oxidize the MB molecules and lead to their

degradation under solar irradiation [45, 46].

BiFeO3 þ hm ! e�cb þ hþvb ð2Þ

hþvb þ OH� ! �OH ð3Þ

e�cb þ O2 ! O��
2 ð4Þ

Dye þ� OH ! Dye0� þ CO2 þ H2O ð5Þ

Dye þ hþvb ! Dye� ! degradation products ð6Þ

Dye þ O��
2 ! Dye� ! degradation products ð7Þ

The proposed photocatalytic mechanism is

schematically represented in Fig. 6b, where the

observed degradation efficiency is mediated via the

collective oxidation by �OH radicals and holes, which

are abundantly produced in BFO cubes due to their

improved charge separation, recombination resis-

tance, rich surface-reactive sites, and defect-free nat-

ure attributed to their cubic morphology-induced

discrete band energy structures in the BFO system,

derived by the egg white-mediated synthesis process.

Further, the performed photocatalytic recyclability

test showed a consistent degradation of MB dye up to

5 cycles with negligible decrement in the degradation

percentage. This indicates that the BFO cubes are

photochemically stable and can be effectively

employed for durable photocatalytic degradation

applications under solar irradiation.

4 Conclusion

Bismuth ferrite particles with irregular and cubic

morphology were synthesized by conventional and

egg white-mediated sol–gel process, respectively. The

BiFeO3 (BFO) phase of both samples was confirmed

via XRD technique and the irregular and cube-like

morphology of the obtained material was confirmed

using FESEM images with particle size in the range of

250–500 (for particles) and 80–200 nm (for cubes). The

estimated bandgap energy of BFO particles and cubes

was found to be around 2.32 and 2.36 eV, respec-

tively, where the increased bandgap energy for BFO

cubes was attributed to their discrete energy levels

due to their cubic morphology with relatively uni-

form in shape. XPS studies revealed that the chemical

oxidation state of Bi/Fe and O in the BiFeO3 is ? 3

and -2, respectively, which indicated their stoichio-

metric formation of the BiFeO3 phase. However, the

core-level spectra of Fe and O indicated that there

could be oxygen vacancies in BFO particles, while the

cubes were free from such defects. The PL results

indicated that there could be relatively slower

recombination process taking place in BFO cubes as

compared to particles. The photocatalytic efficiency

of BFO cubes (99.6%) was found to be greater than

the particles (73.2%) at the end of 3 h, which attrib-

uted to their cubic morphology-induced enhanced

charge separation, recombination resistance, surface-

active sties, and discrete band energy structure in

Fig. 6 a Scavenger test and b photocatalytic mechanism of BFO cubes
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BFO system. The observed recyclability of BFO cubes

indicated that they can be potentially employed for a

durable photocatalytic process toward degradation of

dyes under solar irradiation.
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