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ABSTRACT
This work signifies the comparative study of physicochemical features of per-
ovskite bismuth ferrite (P-BiFeO3) nanoparticles synthesized via the chemical 
coprecipitation and Azadirachta indica (neem)-mediated biogenic methods. The 
X-ray diffraction analysis of the P-BiFeO3 corroborates the biogenic (B-BFO) sam-
ple requires no non-stoichiometric compensation, whereas the chemical (C-BFO) 
sample experiences volatile bismuth nitrate compensation. The C-BFO and B-BFO 
samples exhibit bandgap values of 2.14 and 2.10 eV, respectively. The strong 
bonds related to P-BiFeO3 and the existence of alkanes and aldehydes of C–H 
bonds in the green-mediated sample were confirmed using FTIR spectroscopy. 
X-ray photoelectron spectroscopy study confirms that the Bi and Fe elements 
exist in the 3+ valence state in the P-BiFeO3, which is of 3:3 perovskite type in both 
samples. The FESEM analysis of B-BFO and C-BFO samples reveals sporadic-
spherical shape morphology. The B-BFO and C-BFO samples, in an applied mag-
netic field, at room temperature display weak ferromagnetism. The production 
of perovskite BiFeO3 via the biogenic approach will pave the way for next-level 
clean practical devices.

Received: 18 July 2023 
Accepted: 16 October 2023 
Published online: 
26 October 2023 

© The Author(s), under 
exclusive licence to Springer 
Science+Business Media, LLC, 
part of Springer Nature, 2023

Address correspondence to E-mail: nchidambaraselvan@gmail.com

http://orcid.org/0000-0001-8817-6622
http://orcid.org/0000-0002-9436-8070
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-023-11486-4&domain=pdf


	 J Mater Sci: Mater Electron (2023) 34:20342034 Page 2 of 14

1 Introduction

In the recent past, indagation has focused deeply 
on nanomaterials that display both magnetic and 
electrical ordering. If magnetic and electric order 
can be jointly controlled, the correlation between 
magnetic and electric qualities can enable the devel-
opment of innovative technologies [1]. At ambient 
temperature, P-BiFeO3 is one such multiferroic 
material that simultaneously displays magnetic 
and electric types of ordering, and the investiga-
tion into these materials is very active even in the 
current trend [2]. It is, thus, a potentially promis-
ing material for use in detectors, dynamic RAM, 
microactuators, and nonvolatile ferroelectric RAM 
[3]. A material that possesses more than one fer-
roic feature like ferromagnetism, ferrotoroidicity, 
ferroelasticity, and ferroelectricity in the single 
phase is said to be multiferroic, today the concept 
of multiferroics has been enlarged to include other 
long-range orders, such as antiferromagnetism [4]. 
Due to their low cost, wide availability, and stabil-
ity, ferroelectric materials are particularly advan-
tageous to ferroelectric photovoltaic devices in 
practical applications [5]. A well-known multifer-
roic distorted-rhombohedral P-BiFeO3 with space 
group of R3c at room temperature exhibits G-order 
antiferromagnetic with the Neel temperature below 
370 °C and ferroelectric characteristics with 830 °C 
Curie temperature, concurrently and in the same 
state. While magnetism is hypothesized to emerge 
from the half-filled d orbital of Fe ions, the ferro-
electricity is ascribed to the un-shared electrons 
in the 6s2 orbital of the Bi3+ ions. Bulk BiFeO3 fea-
tures antiferromagnetic properties due to its spiral 
spin form, which has a period of ~ 62 nm [6]. These 
materials have numerous useful applications such 
as data storage, sensors, magnetoelectric memo-
ries, ferromagnetic resonance, photocatalysts, spin 
valves, photovoltaic systems, and spintronic devices 
[7–10]. Due to the considerable interest in P-BiFeO3, 
many preparation methods have been explored to 
date, including the Pechini process, coprecipitation 
method, rapid liquid sintering, mechanical activa-
tion, and sol–gel process among other wet-chemical 
and mechanical procedures [2, 11, 12] Nevertheless, 
each of these strategies has advantages and disad-
vantages of its own. Leading to the generation of 
secondary phases like Bi25FeO40 and Bi2Fe4O9, the 
preparation of pure P-BiFeO3 is difficult [13]. In 

the investigation of BiFeO3 electrodes employing 
the electrodeposition method, Vijaykumar V. Jad-
hav et al. reported peaks corresponding to Bi2F4O9 
and Bi25FeO40, even at 600 °C [4]. Sushmita Ghosh 
et al. prepared BiFeO3 via metal complex powder 
method temperature ranging from 400 to 600 °C by 
using nitric and tartaric acids as chelating agents, 
they noticed secondary phases like Bi25FeO40 and 
Bi2Fe4O9 [14]. K. Prashanthi et al. fabricated BiFeO3 
nanowires utilizing the sol–gel method, and the 
presence of Bi2Fe4O9 was evident from their results, 
they also concluded that the stoichiometric defi-
ciency of volatile Bi led to the formation of Bi2Fe4O9 
[15]. For such pure-phase preparation of BiFeO3, the 
wet-chemical approach is plausible. Coprecipitation 
is ideal since it can create homogenous nanosized 
particles quickly and economically. Lower bismuth 
evaporation temperatures are one of the challenges 
in the synthesis of BiFeO3; however, this issue can 
be addressed and the development of second-
ary phases during the reaction might also be pre-
vented by using the coprecipitation approach [2]. 
Currently, a fascinating area of nanoscience is the 
synthesis of metal nanoparticles through biogenic 
approaches. During the Rio Conference’s organiz-
ing, the idea of cleaner production emerged (UN, 
1992). Cleaner production is defined by UNEP 
(United Nations Environmental Program) as “the 
ongoing application of an integrated preventive 
environmental strategy to processes, products, and 
services to boost productivity and lowering risks 
to humans and the environment” (UNEP, 1991). It 
was created, using concepts from the 3P (pollution 
prevention pays) paradigm intending to reduce the 
environmental effect of industry [16]. As a conse-
quence, plant-mediated biosynthesis has drawn 
more consideration as a cost-effective, simple, effi-
cacious, and realizable way; in addition, it is a great 
proxy for traditional processing techniques to nano-
particle synthesis [17]. This work intends to com-
pare the structural, optical, and magnetic features 
of P-BiFeO3 in the chemical coprecipitation method 
and the Azadirachta indica (neem)-mediated biogenic 
method. The synthesis of conventional nanomate-
rials, either by physical or chemical synthesis, has 
unintended consequences for the environment and 
human health, which have been linked to the deple-
tion of resources, climate variability, environmental 
consequences, and human health issues, whereas in 
the developing discipline of “biogenic synthesis,“ 
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nanomaterial production is being developed and 
improved in a way that is efficient, safe, sustain-
able, clean, and environmentally beneficial. By 
using nature-abundant materials as synthesis rea-
gents, clean nanomaterials can be synthesized [18]. 
Azadirachta Indica, popularly referred to as neem, is 
a species of the Meliaceae family, which is mostly 
prevalent in several Asian nations. The entire tree 
can be used for traditional medicine or a variety of 
therapeutic purposes. Azadirachta indica has green 
petiolate, unpaired leaflets that are alternating and 
have seven to nine leaflets [19, 20]. The primary 
phytochemicals like ketones, flavones, aldehydes, 
organic acids, and amides exist in Azadirachta indica 
extract which acts as bio-reductants. Of these, 
organic acids, flavones, and quinones are water-
dissoluble phytonutrient that are accountable for 
the efficient transformation of metal ions into the 
appropriate nanostructures. These bio-organic sub-
stances are known to be vital in the nanoparticles 
formations as either stabilizing or reducing agents. 
It is considered that the electrostatic or ionic interac-
tions between the metal complexes and the phyto-
chemicals exist in the extract contribute to the for-
mation of nanoparticles [21]. Additionally, using 
green materials is in line with the environmental 
firm’s societal shift in favors of using natural solu-
tions [22]. As far as we are aware, P-BiFeO3 has not 
yet been synthesized via Azadirachta indica extract 
and compared with chemically synthesized bismuth 
ferrite. Motivated from the above-mentioned discus-
sion, P-BiFeO3 nanoparticles have been synthesized 
using the biogenic approach and explored their 
physio-chemical properties. Further, P-BiFeO3 nano-
particles are also synthesized by chemical approach 

so as to compare their physio-chemical properties 
with biogenic-derived nanoparticles.

2 �Experimental

2.1 �Preparation of bio‑extricate

The foliage of Azadirachta indica was collected from 
the surroundings of Thanjavur. The foliage was well 
gutted with distilled water, allowed to dry completely, 
and pulverized. Thereafter, 10 g of pulverized foliage 
was added to 100 mL of distilled water and boiled at 
80 °C for an hour under incessant magnetic stirring, 
and the resultant solution was cooled in ambient tem-
perature. After that, the sediments were filtered out 
via Whatman No.1 filter paper, and the concentrated 
extract, thus, procured was retained for future use and 
used as a cross-linking agent to produce perovskite 
bismuth ferrite. Figure 1 shows the pictorial represen-
tation of the preparation of the Azadirachta indica leaf 
extract.

2.2 �Biogenic synthesis of BiFeO3 (B‑BFO)

In a typical synthesis process, in 50 mL of concentrated 
foliage extract, 4.996 g of bismuth nitrate pentahydrate 
and 4.04 g of iron nitrate nonahydrate were added at 
intervals of 15 min to one another. To compensate for 
the volatility of bismuth nitrate throughout the experi-
ment, an additional 3% of bismuth was added [2]. 
After the complete dissolving of the starting materials, 
the mixture was held in reserve at 80 °C for 2 h. The 
consequential blackish-brown solution was allowed to 
settle overnight, although no precipitation was found. 

Fig. 1   Azadirachta indica 
leaf extract preparations
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The mixture was dried in an oven at 100 °C for about 
3 h. The ensuing powder after drying was calcined 
at 600 °C in a muffle furnace for 2 h to ensure their 
crystallization. The obtained reddish-brown color 
product was labeled as B-BFO nanoparticles. Figure 2 
Illustrates the schematic of the synthesis and reaction 
mechanism of the biogenic B-BFO approach.

2.3 �Chemical synthesis of BiFeO3 (C‑BFO)

Inorganic perovskite bismuth ferrite was synthesized 
using the chemical coprecipitation method. At a short 
interval of time between one another, the stoichiomet-
ric ratio (1.03:1, i.e., 4.996 and 4.04 g) of metal precur-
sors such as bismuth nitrate pentahydrate and iron 
nitrate nonahydrate was added to 47 mL of de-ionized 
water along with 3 ml of HNO3 as a leaching agent 
[23] at room temperature. The reason for adding an 
additional 3% of bismuth precursor is to account for 
the volatile nature of bismuth nitrate. After complete 
homogenization of metal precursors, the concentrated 
ammonia solution was gradually dripped into the 
solution until the pH attained 9. The as-obtained pre-
cipitated solution was continuously stirred for another 

2 h. The mixture was allowed to rest overnight, and the 
obtained precipitate was filtered and washed till the 
pH reached 7. The resultant precipitate was then held 
in an oven at 100 °C for 3 h to evaporate the residual 
moisture. Subsequently, the obtained blackish-brown 
powder was further calcined at 600 °C in a muffle fur-
nace for 2 h yielding golden-brown bismuth ferrite 
nanopowders labeled as C-BFO. Figure 2 Illustrates 
the schematic of the synthesis and reaction mechanism 
of the biogenic C-BFO approach.

2.4 �Characterizations

Structural analysis of the synthesized B-BFO and 
C-BFO nanoparticles was analyzed utilizing an X-ray 
diffractometer (PANalytical-PW3040/60X’pert PRO) 
utilizing Cu-Kα irradiation spanned across 20° to 
80° in 2θ mode. Utilizing Bruker Topaz version 6, 
the Rietveld refinement analysis was performed for 
quantitative analysis. The reflectance spectra were 
recorded using a Varian–Cary 5000 spectrophotom-
eter. The chemical bonding of the B-BFO and C-BFO 
nanoparticles was investigated by Perkin Elmer BX-II 
Fourier transform infrared (FTIR) spectroscopy in 

Fig. 2   Schematic of P-BiFeO3 synthesis via biogenic (B-BFO) and chemical (C-BFO) approaches
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the wavenumber of 4000–400 cm−1 by the KBr pellet 
technique. A PHI5000 Versa Probe II (ULVAC-PHI) 
XPS Photoelectron spectroscopy with an Al Kα X-ray 
source was employed to measure the XPS spectra 
of both samples. The morphology and structure of 
the prepared nanoparticles were examined by Ther-
mofisher Quanta FEG250 Field Emission Scanning 
Electron Microscopy (FESEM). The magnetic charac-
teristics of the prepared samples were investigated by 
utilizing a Lakeshore 7400-5 series vibrating sample 
magnetometer (VSM).

3 �Results and discussions

3.1 �XRD analysis

Figure 3a, b exhibits the XRD diffraction patterns 
of B-BFO and C-BFO-synthesized bismuth ferrite, 
respectively. The noticed diffraction pattern compli-
ance with the rhombohedral BiFeO3 perovskite hav-
ing R3c space group of JCPDS card No. 01-071-2494 

[11] for both samples. The peaks are indexed as (012), 
(104), (110), (202), (024), (116), (018), (214), (300), 
(220), (1010), (036), and (134) which corresponds to 
the phase pure bismuth ferrite. The phase purity of 
both the BiFeO3 samples was identical. While the 
C-BFO sample lacks any additional peaks, the B-BFO 
sample does contain a few frail impurity peaks of 
Bi2O3 (indicated by ♦) in Fig. 3a. This affirms that 
although we used similar precursor ratios for both 
samples as mentioned in the “experimental” section 
(i.e., 3% extra bismuth nitrate to compensate for its 
volatility during the experiment), the B-BFO sample 
requires no compensation whereas the C-BFO sam-
ple experienced volatile bismuth nitrate compensa-
tion. Since bismuth has a low melting point and is 
subjected to extreme temperatures during synthe-
sizing, this generates a high vapor pressure, which 
makes it volatile. For synthesizing pristine stoichio-
metric BiFeO3, the volatility of bismuth can be an 
issue. Bi2Fe4O9 and Bi2FeO40 are two stable auxiliary 
phases that can occur as a result of bismuth’s volatil-
ity, which is in charge of significant leakage currents 
and low electrical resistivity, which were absent in 
both of the samples [2, 24]. This implies the phase 
purity of both samples. The intensity of the diffrac-
tion peaks of green bismuth ferrite upsurges in juxta-
position with chemically synthesized bismuth ferrite 
along with the decrease in the peak half-width. This 
implies that the particle size has grown [12]. A fur-
ther indication of the rhombohedral distortion of the 
BiFeO3 perovskite is seen by the splitting of the 39° 
and 57° peaks in both samples, it is also evident from 
XPS spectra [25]. By measuring the full-width half 
maximum of the diffraction peaks of bismuth ferrite 
in both cases and applying Scherrer’s formula [26], 
the average crystallite size (D) of the synthesized 
B-BFO and C-BFO samples was estimated.

 where λ is the wavelength of the X-rays of value 
1.5406 Å, β denotes full-width half maximum, after 
the error due to instrumental broadening, K denotes 
the Scherrer constant (0.9), and θ gives Bragg’s diffrac-
tion angle [27, 28]. The estimated average crystallite 
sizes are 63 and 37 nm for the B-BFO and C-BFO sam-
ples, respectively. The Rietveld refinement was used 
to analyze the XRD data quantitatively, and Fig. 4 
displays the observed, calculated, and differences 

(1)D =
K�

�cos�
,

Fig. 3   XRD patterns of a biogenic (B-BFO) and b  chemically 
(C-BFO) synthesized bismuth ferrite nanoparticles
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in the refinement of the samples. The refined lattice 
parameters are tabulated in Table 1. Using the rhom-
bohedral crystal structure with the space group R3c, 
the refinement was carried out [29]. The low values of 
the fitting qualities show a good refinement of both 
samples. From Rietveld refinement weight percent-
ages, it is palpable that the B-BFO sample entails on 
no account non-stoichiometric compensation while 
the C-BFO sample involves volatile bismuth nitrate 
compensation. The linear attenuation coefficient and 
crystal density of the B-BFO sample seem marginally 
lower than the C-BFO sample might be the presence 
of secondary Bi2O3 phases.

3.2 �UV–Vis analysis

Figure 5 depicts the DRS spectra of the synthesized 
B-BFO and C-BFO samples in a range of 400–800 nm. 
The UV–Vis DRS spectra of both samples display 
an effective absorption between 400 and 525  nm 
and a modest absorption between 600 and 800 nm. 
An intense transition is observed in the region of 
500–600 nm, which correlates with charge transfer 
owing to electronic conversion from valence band 
levels—O2p to conduction band levels—Fe3d. There 
are two distinctive reflection regions in the spectra. 
One of them is in the region between 500 and 700 nm 
which corresponds to metal–metal transitions, while 
the other is betwixt 700–800 nm and is attributed to 
crystal field transitions [30]. To appraise the optical 
bandgap (Eg) of both samples, Tauc’s plot was plot-
ted between F(R)hυ2 and the energy of photons (hυ). 
Moreover, the related Kubelka–Munk (K–M) function 
is expressed as follows:

 where F(R) is the K–M function, h is Planck’s con-
stant, R is the reflectance, ν is the frequency, (1-R)2/2R 
is the absorption coefficient, and ‘n’ value rests on the 
type of transition (n = 2 and 1/2 for indirect and direct 
transitions, respectively) [31]. The calculated bandgap 
values for C-BFO and B-BFO samples remain at 2.14 
and 2.10 eV, respectively (inset of Fig. 5). The results 
are well in line with past literature reports [32–34]. 
In comparison to the C-BFO, the B-BFO has a nar-
row band gap value and lacks a distinctive reflection 
edge in the 700–800 nm range. These results provide a 
comprehension of the influence of the secondary phase 
on the optical characteristics of B-BFO. It is evident 
from the XRD study that only this sample contained 

(2)F(R) =
(1 − R)

2

2R

,

(3)F(R)h� =

(

h� − E
g

)

n

,

Fig. 4   Refined XRD profiles of a biogenic (B-BFO) and b 
chemically (C-BFO) synthesized bismuth ferrite nanoparticles

Table 1   Refined structural parameters of B-BFO and C-BFO nanoparticles

Sample Lattice parameters (Å) Volume of 
unit cell V 
(Å3)

Space group Crystal linear 
absorption 
coeff. (1/cm)

Crystal density 
(g/cm3)

Phase percent-
age

Goodness of fit

a = b c

B-BFO 5.5820 (5) 13.8730 (15) 374.35 (8) R3c 1761.3 (7) 8.308 (4) BiFeO3−89.8%
Bi2O3−10.2%

1.34

 C-BFO 5.5875 (10) 13.875 (3) 375.15 (16) R3c 1765.1 (4) 8.3257 (19) BiFeO3−100% 1.38
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the secondary phase, and the secondary phase could 
be associated with the lower band gap of the B-BFO 
[35]. As a result of the metal–metal transition between 
the BiFeO3–Bi2O3 scheme, the reflection in the range 
between 500 and 700 nm could have been affected, 
drastically lowering the optical bandgap energy of 
B-BFO. The occurrence of defect-induced energy 
states amid the valence and conduction bands, and 
especially energy states near the conduction band, 
could also lower bandgap energy. Since the crystal 
field strength is correlated to the crystal structure and 
has a significant impact on the position of the crystal 
field transition edge, the reflection edge between 700 
and 800 nm is unnoticed in B-BFO [12].

3.3 �FTIR analysis

The infrared spectra of the C-BFO and B-BFO samples 
in transmission mode over the range of wavelengths 
4000 to 400  cm−1 are represented in Fig. 6. The as-
prepared samples exhibit two absorption peaks in the 
array of 400–700 cm−1. The bands at 438 and 555 cm−1 
correspond to the Fe–O–Fe bending and stretching 
mode vibrations along the Fe–O axis, respectively. 
which signifies the features of the FeO6 octahedra 
assemblies in the perovskites [23]. The vibrational 
mode of BiO6 octahedra is observed at 423 cm−1. The 
vibrational band around 519 cm−1 is ascribed to the 
overlapping of bending and stretching vibrations of 
both Bi–O and Fe–O, a trait that specifies P-BiFeO3 

with the R3c structure, this indicates the presence 
of bismuth ferrite. [29, 36]. The presence of trapped 
nitrates on the surface causes the vibrational bands at 
around 1410–800 cm−1, particularly those at 1390 cm−1 
and 918 cm−1, which are induced by the stretching 
vibrations of NO3− ions in bismuth ferrite [37]. The 
vibrational bands noticed at 2900 and 2852 cm−1 are 
accredited to the stretching symmetric vibrations of 
C–H bonds [38]. The broad bands at 3700–3000 cm−1 
and 1670 − 1600  cm−1 correspond to the stretching 
mode of antisymmetric O-H and symmetric H–O–H 
assemblages, respectively [39]. There appear two dis-
tinct peaks at 2422 and 1391 cm−1 in the B-BFO sam-
ple, attributed to the aliphatic stretching vibration 
and bending mode of alkanes and aldehydes of C–H 
bonds, respectively [40, 41], which are absent in the 
C-BFO sample. The above discussion makes clear that 
the biogenic-derived B-BFO has characteristic func-
tional groups of bismuth ferrite with those of chemi-
cally derived C-BFO, negating the necessity of using 
harmful reducing agents to prepare bismuth ferrite 
nanoparticles.

3.4 �XPS analysis

X-ray photoelectron spectroscopic investigations 
were carried off at ambient temperature to ascertain 
the valence state of the ions for C-BFO and B-BFO 
samples (Figs.  7 and 8). Figures  7a and 8a dem-
onstrate the wide survey spectrum of C-BFO and 

Fig. 5   UV–Vis diffuse reflectance spectra (DRS) of biogenic 
(B-BFO) and chemically (C-BFO) synthesized bismuth ferrite nan-
oparticles (Inset displays Tauc’s plot of both samples)

Fig. 6   FTIR spectra of  biogenic (B-BFO) and  chemically (C-BFO) 
synthesized bismuth ferrite nanoparticles (Inset shows FTIR spec-
trum of Azadirachta indica leaf extract)
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B-BFO samples, respectively. The obtained photo-
electron peaks reveal unequivocally the presence of 
key elements, i.e., bismuth, iron, and oxygen. The 
C1s spectrum at 285 eV aided as the standardization 
reference for all observed spectra. The three signifi-
cant elements such as Bi 4f, Fe 2p, and O 1s linked 
to the formation of perovskite BiFeO3 were analyzed 
using a narrow scan survey for both samples. Fig-
ures 7b and 8b exhibit the doublet spectra of Bi 4f for 
C-BFO and B-BFO samples, respectively. The doublet 
peaks of bismuth were found at binding energies of 
158.6 eV, 163.9 eV for B-BFO and at 159.2 eV, 164.5 eV 
for C-BFO samples which corresponds to Bi 4f7/2 and 
Bi 4f5/2 peaks. Moreover, the splitting energy of dou-
blet Bi 4f spin-orbit is 5.3 eV, which is also identical 
to the energy variance among the Bi 4f7/2 and Bi 4f5/2 
peaks for as-synthesized samples. This indicates that 
there is no Bi deficit in these samples which agrees 

well with the compensation in the stoichiometric 
composition of BiFeO3. This affirms the intrinsic 
oxidation state of the Bi ions is +3 also attributed 
to the Bi–O bonds in the samples. This matches the 
values that have been previously reported from both 
theoretical calculations and experimental data [42]. 
Figures 7c and 8c illustrate the core level spectra 
of the Fe 2p state for C-BFO and B-BFO samples, 
respectively. The doublet Fe 2p3/2 and Fe 2p1/2 lines 
corresponding to the Fe 2p state are located at bind-
ing energies 710.25 eV, 723.8 eV for B-BFO, and at 
710.8 eV, 724.6 eV for C-BFO samples. Additionally, 
it is revealed that Fe 2p3/2 and Fe 2p1/2 have ener-
gies oriented to the splitting of spin-orbit around 
13.6 eV [43]. Typically, satellite peaks for Fe3+ and 
Fe2+ emerge at 8 eV and 6 eV, respectively, above 
Fe 2p3/2. A satellite peak is visible in our samples 

Fig. 7   a XPS survey spectrum of C-BFO nanoparticles, b high-resolution spectrum of Bi 4f, c deconvoluted high-resolution spectrum 
of Fe 2p, and d deconvoluted high-resolution spectrum of O 1s
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at 8 and 9 eV above Fe 2p3/2 for B-BFO and C-BFO 
samples, respectively [35]. This further validates 
that the oxidation level of Fe ions is +3 in both syn-
thesized samples. The Fe ion valances are vital in 
perovskite BiFeO3. While concerning, the potential 
devices based on BiFeO3 nanomaterials are severely 
constrained due to their poor resilience to insula-
tion when reduction occurs from Fe3+ to Fe2+ species 
[33]. The binding energies at 529.4 eV, 531.9 eV for 
B-BFO and 530.0 eV, 532.0 eV for C-BFO samples are 
assigned to the lattice oxygen and surface adsorbed-
oxygen species, respectively (Figs. 7d and 8d). The 
oxygen vacancies in BiFeO3 are typically caused by 
the presence of Fe ions in different oxidation states 
(Fe2+/Fe3+). The results indicate that the BiFeO3 phase 
formed using the two approaches may be devoid of 
anionic or cationic defects, or they may remain well 

below the threshold level of identifiable residues [44, 
45].

3.5 �FESEM analysis

Figure 9 illustrates the morphological and microstruc-
tural features of the C-BFO and B-BFO samples under 
different magnifications such as 500 nm and 1 μm using 
FESEM analysis. The morphologic characteristics of 
the C-BFO sample demonstrate densely agglomerated, 
sporadic, spherical particles with a few voids scattered 
across the sample surface. The morphology of the B-BFO 
reveals a mixture of nanoflakes and agglomerated parti-
cles with uneven shapes. The nanoflake structure of the 
nanomaterials might be related to the existence of a few 
Bi2O3 impurities, which is also illustrated by XRD inves-
tigations [46]. It is generally known that agglomeration 
occurs because nanoparticles have high surface energies 

Fig. 8   a XPS survey spectrum of B-BFO nanoparticles, b high-resolution spectrum of Bi 4f, c deconvoluted high-resolution spectrum 
of Fe 2p, and d deconvoluted high-resolution spectrum of O 1s
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and a tendency to sustain themselves as roughly spheri-
cal agglomerates to have a low surface-to-volume ratio. 
This type of occurrence is prevalent in materials such 
as ferrites, oxides, and titanates [47]. Vapor pressure is 
higher on lighter nanoparticles than on heavier nano-
particles at high temperatures. Lighter particles evapo-
rate besides then condense on heavier ones as a result. 
The attainment of a homogeneous particle size distribu-
tion in this technique is exceedingly challenging [48]. 
Figure 10 depicts the EDX spectra of the C-BFO and 
B-BFO samples. Bismuth (Bi), iron (Fe), and oxygen (O), 
with atomic percentages of 20.19% (Bi), 11.28% (Fe), and 
68.54% (O), are all present in the elemental composi-
tions of C-BFO nanoparticles. With atomic percentages 
of 11.33% (Bi), 8.75% (Fe), 51.05% (O), 27.33% (C), and 
1.54% (K), the elemental compositions of B-BFO nano-
particles showed the existence of bismuth, iron, carbon, 
oxygen, and a frail amount of potassium. The presence 
of potassium (K) in B-BFO samples is due to the abun-
dance of potassium in Azadirachta indica [49]. Analysis 
of the elemental composition of both samples exposed 
the existence of bismuth, iron, and oxygen.

3.6 �Magnetic analysis

Figure 11 displays the M–H curve obtained at room 
temperature for the synthesized samples. Both samples 
exemplify weak ferromagnetism. This is associated with 
the high surface-to-volume ratio, which enhances the 
palpable impact to the particle’s average magnetization 
through indigent spins at the interfaces and forms a fer-
romagnetic shell [50]. The retentivity, coercivity, and 
maximum magnetization values from the M–H plots of 
the B-BFO and C-BFO samples are illustrated in Table 2. 
The significant values of magnetic parameters reflect the 
ferromagnetic behavior of the prepared samples at room 
temperature.

4 �Conclusions

P-BiFeO3 was synthesized via two distinct methods, 
chemical coprecipitation and biogenesis approaches. 
The green synthesis of P-BiFeO3 allows us to avoid 
the toxic chemical agents of chemical coprecipitation. 

Fig. 9   FESEM micro-
graphs of biogenic (B-BFO) 
and chemically (C-BFO) 
synthesized bismuth ferrite 
nanoparticles under 500 nm 
(a and c) and 1 μm (b and d) 
scale bars
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Aside from its reducing properties, Azadirachta indica 
leaf extract also contains some phytochemicals that 
are used as stabilizing agents for nanoparticles. XRD 
investigations of both samples show the rhombohe-
dral structure of the R3c space group, yet B-BFO 
displays an increase in the intensity of reflection 
peaks when related to C-BFO. For the B-BFO and 
C-BFO samples, the mean crystallite size was esti-
mated using Scherer’s formula to be 63 and 37 nm, 
respectively. Similar precursor ratios (1.03:1–Bi: Fe) 
were employed for both samples, but the B-BFO 
sample does not require compensation while the 
C-BFO sample does require compensation for vola-
tile bismuth nitrate during the experiment. Riet-
veld analysis corroborates rhombohedral structure 
with the R3c space group for both samples and the 
lattice parameters determined from the Rietveld 

refinement were (a = b = 5.5820 nm, c = 13.8730 nm) 
and (a = b = 5.5875 nm, c = 13.875 nm) for B-BFO and 
C-BFO samples, respectively. The obtained band gap 
energies with a direct electronic transition for B-BFO 
and C-BFO samples are 2.14 and 2.10 eV, respec-
tively. The FTIR studies of both samples revealed 
the occurrence of Fe–O and Bi–O bonds. The validity 
of elements with native oxidation states, as such in 
a stoichiometric P-BiFeO3 phase, was substantiated 
by XPS experiments that indicated the typical bind-
ing energies of the relevant elements. The agglomer-
ated sporadic-spherical structure is observed in the 
C-BFO sample, but the B-BFO sample has a mix-up 
form of the agglomerated sporadic-spherical struc-
ture and just a few nanoflakes due to the presence 
of Bi2O3. Energy-dispersive spectroscopy was used 
to determine the atomic percent of bismuth, oxygen, 

Fig. 10   EDX spectrum of 
biogenic (B-BFO) and chemi-
cally (C-BFO) synthesized 
bismuth ferrite nanoparticles
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and iron elements in both samples. This validates the 
presence of elements such as bismuth, oxygen, and 
iron in B-BFO and C-BFO. The magnetic properties 
of both samples manifest weak ferromagnetism at 
room temperature. It is possible to create clean nano-
materials using a biogenic method, which makes 
use of natural resources that are both stabilizing 
and reducing agents with shape and size-controlled 
nanoparticles. This entails bringing laboratory-based 

work up to an industrial scale as well. There will be 
a decrease in adverse environmental contaminants if 
bio-mediated technological nanomaterials are used 
in the industries.
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