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Abstract
In recent years, bandgap tailoring of ferroelectric materials has gained great attention in the scientific community owing 
to their favourable materials characteristics, and new endowing paths for developing multifunctional devices. In this 
study, an attempt was made to tune the optical bandgap of BiFeO3 (BFO) via chemical substitution and by controlling 
thermal treatment temperature and time. A series of BiFe1-xMnxO3 (x = 0.00, 0.03, 0.05) nanoceramic samples were pre-
pared by adopting the citrate precursor method. The effect of Mn substitution, annealing temperature, and annealing 
time on structural, morphological, and optical properties of BFO was investigated using X-ray diffraction, field emis-
sion scanning electron microscopy, and UV–visible spectroscopy, respectively. The average crystallite size was found 
to decrease (from 44−17 nm) with Mn-doping and increase with increasing annealing temperature and time (from 
17−27 nm) due to the agglomeration of nanoparticles. The FESEM studies revealed the inhomogeneous distribution 
of granular structured grains with negligible porosity. The optical bandgap energy of BFO nanoparticles was found to 
reduce significantly by 21% (2.08−1.62 eV) with a competing effect of Mn-substitution, annealing temperature, and 
annealing time. The optical bandgap studies of BiFe0.97Mn0.03O3 showed a direct correlation with annealing temperature 
and an inverse correlation with annealing time. Additionally, BiFe0.97Mn0.03O3 nanoparticles annealed at 550 °C for 2 h 
showed a 31% enhancement in absorption coefficient and 14% reduction in bandgap value without a structural phase 
transition. The results obtained in this study propose BiFe0.97Mn0.03O3 nanoparticles as a potential candidate for upcom-
ing ferroelectric photovoltaic devices.
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1  Introduction

Recently, multiferroic materials that exhibit multiple fer-
roic orders simultaneously have gained widespread appli-
cations in spintronics, information storage, sensors, actua-
tors, and photovoltaic devices [1–4]. Amongst the several 
multiferroic materials, BiFeO3 (BFO) is probably the only 
lead-free multiferroic material showing room tempera-
ture ferroelectric and G-type anti-ferromagnetic orders 
simultaneously. Rhombohedrally distorted perovskite 

(ABO3) structured BFO, with R3c space group shows high 
anti-ferromagnetic Neel temperature, (TN ~ 370 °C) and 
high ferroelectric temperature (TC ~ 830  °C) [5, 6]. The 
anti-ferromagnetic nature in BFO arises due to partially 
filled d-orbitals of Fe3+ at B site, and ferroelectric order 
develops due to the presence of 6s2 lone pair of electrons 
of Bi3+at A site [7]. Owing to its unique features such as 
large remnant polarization (90µC/cm2) and relatively lower 
bandgap (2.08−2.7 eV) compared to other oxide-based 
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ferroelectrics, BFO is considered as one of the emerging 
ferroelectric photovoltaic materials [4].

Additionally, this material shows above bandgap pho-
tovoltage and bulk based photovoltaic effect due to the 
polarization-based charge transport mechanism. Therefore 
there is a possibility to implement this advantage to higher 
photovoltaic efficiency if the short circuit current density 
can also be augmented. Despite these intriguing physical 
properties, BFO suffers from some significant limitations 
like large leakage current density and complex phase for-
mation due to the volatile nature of bismuth. These factors 
restrict its applicability to device fabrication. Meanwhile, 
several attempts have been made to overcome these 
obstacles which include doping at Bi-site with rare-earth 
ions (Y, Pr, Ho, Eu, Gd, Sm, etc.) [8–13] and doping at Fe-
site with transition metal ions (Co, Cr, Mn, Ni, etc.) [14, 15]. 
Doping at A site with rare-earth elements controls bismuth 
volatility and hence suppresses the generation of oxygen 
vacancies while doping at B site with donor elements fills 
the oxygen vacancies, and therefore reduces the leakage 
current.

Furthermore, most of these attempts have proved 
beneficial in modifying various other parameters, such as 
dielectric constant, resistivity, magneto-electric coupling, 
and optical bandgap values. Mn-substitution at Fe site in 
BFO is attractive, owing to its excellent chemical stabil-
ity (in terms of oxidation state), comparable size, and its 
tendency to modify optical bandgap. Zhu et al. tailored 
the optical band gap of BFO with co-doping of Eu and 
Mn atoms in BFO from 2.40−1.49 eV [16]. Chandel et al. 
reported enhanced electrical and magnetic properties in 
Mn-doped BFO nanoparticles [22]. Hiroshi et al. investi-
gated the impact of annealing temperature on Mn-doped 
BFO films [6]. The effect of Mn-doping concentration on 
the multiferroicity of BFO was investigated by Chauhan 
et al. [5]. Irfan et al. tailored the optical bandgap of BFO 
from 2.08−1.45 eV via chemical substitution of Sm and Mn 
at Bi and Fe sites of BFO [13]. So far, no investigations exist 
to understand the influence of annealing time and anneal-
ing temperature on the optical properties of BFO.

Synthesis of pure phase BFO is a challenging task 
because of the volatile nature of bismuth, and the kinetics 
of formation. Various methods have been adopted so far, 
to prepare pure phase BFO, which include solid-state reac-
tion method [17], liquid phase sintering [18], citrate pre-
cursor method [19, 22], the hydrothermal method [20], and 
sol–gel method [14]. Most of these methods require high 
annealing temperature (usually more than 650 °C), thus 
yielding one or the other undesirable secondary phases 
along with pure phase BFO due to the volatile nature of 
bismuth. Several research groups have used an excessive 
amount of Bi (between 3−10 mol%) to prevent undesir-
able effects arising from the volatility of Bi [11, 21]. At the 

same time, some others are doing post-annealing nitric 
acid treatment to purify the samples [17]. Thus, the impact 
of thermal annealing treatment (annealing temperature 
and annealing time) on the synthesis of BFO appears to be 
a suitable method to reduce/eliminate the occurrence of 
secondary phases in BFO. Furthermore, among the several 
synthesis routes mentioned above, the citrate precursor 
method seems to be one of the potential alternatives for 
synthesizing nanoparticles, as this allows reasonable con-
trol of the stoichiometry. Moreover, this method is carried 
out at a relatively low temperature (600 °C) and also a cost-
effective process with simple processing steps. The steps 
involved in this process are mixing, gelation, drying, and 
sintering, and hence this method does not require com-
plicated or expensive instrumentation.

As far as our knowledge is concerned, several research 
groups have synthesized single-phase BFO by adopt-
ing advanced techniques or by post leaching treatment. 
However, by adopting the citrate precursor method, it is 
very difficult to obtain a pure/primary-phase of undoped 
and Mn-doped BFO nanoparticles at low temperatures 
(550 °C). Most of the reported methods have (1) lead to the 
formation of secondary phases, (2) used excessive bismuth 
content, or (3) adopted post-annealing nitric acid treat-
ment for purification. Therefore, in this study, we report 
the phase formation of undoped BFO and Mn-doped BFO 
(with a negligible trace of impurity phase) using citrate 
precursor method at lower temperature (550 °C) by opti-
mizing annealing temperature and annealing time. After 
that, we systematically varied annealing temperature 
(from 500 °C to 600 °C) and annealing time (from 2−6 h) 
of different series of samples and carefully investigated 
their effects on structural, morphological, and optical 
properties. The results showed a significant variation in the 
optical bandgap of Mn-doped BFO with annealing tem-
perature and annealing time. The optical bandgap of BFO 
was reduced to 1.62 eV by tuning Mn-doping, annealing 
temperature, and annealing time.

2 � Experimental details

2.1 � Preparation

In the current study, single-phase undoped BFO, and 
Mn-doped nanoparticles were prepared by adopt-
ing the citrate precursor method. The precursors 
taken in the synthesis process were bismuth nitrate 
pentahydrate (Bi(NO3)3.5H2O), iron nitrate nonahy-
drate (Fe(NO3)3.9H2O), manganese acetate dihydrate 
(C6H9MnO6.2H2O), citric acid (C6H8O7), and diluted nitric 
acid (HNO3). All the reagents were purchased from Sisco 
Research Laboratories (SRL) Pvt. Ltd. India and were used 
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without further purifications owing to their high purity 
analytical grades. In the first step, stoichiometric pro-
portions of bismuth nitrate pentahydrate, iron nitrate 
nonahydrate, and manganese acetate were dissolved in 
the distilled water solvent at room temperature. Citric 
acid, which is a chelating agent, was added to the metal 
nitrate solution with citric acid to metal cation molar 
ratio of 2:1. Secondly, diluted nitric acid was added 
drop-wise to the light-yellow coloured mixture at con-
stant stirring until a homogeneous sol was obtained. 
The resultant precursor sol was heated at 80 °C under 
vigorous stirring using a magnetic stirrer to procure 
gel-deposit. Immediately after the gelation process, the 
gel-deposit was dried at 130 °C for about 6 h to get a 
fluffy residue. Finally, the flocculent residue was ground 
using the pestle and mortar to extract fine powder. 
The as-obtained fine powder was calcined under con-
trolled thermal treatments ranging from 350−450 °C to 
optimize the calcination temperature, which was later 
found to be 400 °C. Subsequently, the calcined powder 
(at 400 °C) was ground again and pelletized into cylindri-
cally shaped pellets with a 10 mm diameter of varying 
thickness. In the end, the obtained pellets were annealed 
at different temperatures (500 °C, 550 °C, and 600 °C) for 
different durations (2 , 4 , and 6 h) to optimize the single-
phase formation of undoped and Mn-doped BFO. The 
heating rate (4 °C/minute) was maintained constant at all 
the stages of this process. Undoped BFO was prepared 
using the same procedure without adding manganese 
acetate dehydrates. The flow chart describing the pre-
sent synthesis method is depicted in Fig. 1.

2.2 � Characterization

X-ray diffraction (XRD) studies were carried out to deter-
mine the crystal structure of the prepared compounds 
using X-ray diffractometer (Rigaku Ultima-IV XRD) with 
CuKα (λ = 1.5406 Å) radiation source with step size 0.02° in 
the 2θ range from 20°−70°. Field emission scanning elec-
tron microscope (FEI- Apero LoVac FESEM) (accelerating 
voltage 20 kV) assembled with energy-dispersive X-ray 
spectroscopy (EDAX) was used to investigate the morpho-
logical and compositional features of all the samples. Fou-
rier transform infrared (JASCO FT/IR-4200) spectral studies 
were carried out to investigate the stretching and bending 
behaviour of distinct bonds existent in the samples. Opti-
cal absorption spectral analysis of the samples was carried 
out using a UV–vis spectrophotometer (JASCO V—670), 
and the bandgap was calculated using Tauc’s relation.

3 � Results and discussions

3.1 � Structural properties

3.1.1 � Effect of annealing temperature on BFO

The phase formation and crystal structures of all the 
samples, annealed at different temperatures, and times 
were determined by XRD studies. Figure 2a shows the 
XRD patterns of undoped BFO nanoceramics calcined 
at different temperatures (350 °C, 400 °C, and 450 °C). 
The XRD patterns of the samples calcined at lower 

Fig. 1   Synthesis procedure
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temperatures (350 °C, 400 °C, and 450 °C) showed only 
a few Bragg peaks depicting the weak crystalline nature 
along with some secondary phases. To enhance the 
crystalline quality of the prepared samples, these were 
annealed at higher temperatures. Figure 2bdepicts the 
XRD patterns of the undoped BFO samples calcined at 
400 °C and annealed at 500 °C, 550 °C, and 600 °C. The 
XRD peaks of these samples reveal that both the crystal-
linity and phase purity of samples improved significantly 
with increasing annealing temperature. Furthermore, the 
XRD pattern of the sample annealed at 550 °C confirmed 
the phase formation of BFO with a negligible trace of 
impurity phase having rhombohedrally distorted perovs-
kite structure, and R3c space group [21]. These results are 
in agreement with the JCPDS data file (PDF#861,518). 
However, the samples annealed at 500 °C and 600 °C 
showed few secondary peaks of Bi2Fe4O9 in the XRD 

pattern, which might be due to kinetics of formation, 
and volatile nature of bismuth [21].

3.1.2 � 3.1.2 Effect of Mn‑doping on BFO

Figure 3a shows the XRD patterns of BiFe1-xMnxO3 (x = 0.0, 
0.03, 0.05) (BFMO) calcined at 400 °C for 2 h and annealed 
at 550 °C for 2 h. All the Bragg’s peaks confirmed the for-
mation of a single-phase of Mn-doped BFO. However, a 
minute trace of the secondary phase (Bi2Fe4O9) was also 
detected, which was found to decrease with an increase 
in Mn-concentration. However, for 5  mol% Mn-doped 
sample, the Bi2Fe4O9 disappeared completely, and a new 
impurity phase of Bi36Fe2O57 appeared in the XRD pattern, 
as shown in Fig. 3a. As seen in Fig. 3a, the (110) and (104) 
planes start merging into a single peak with Mn-doping 
and finally appears as a single peak at 5 mol% doping 

Fig. 2   XRD pattern of a BFO calcined at (I) 350 °C, (II) 400 °C, (III) 450 °C, b BFO calcined at 400 °C and annealed at (I) 500 °C, (II) 550 °C, (III) 
600 °C

Fig. 3   a XRD pattern of 
BiFe1-xMnxO3 compositions cal-
cined at 400 °C and annealed 
at 550 °C with (I) x = 0.00, (II) 
x = 0.03, (III) x = 0.05 b Magni-
fied view of BiFe1-xMnxO3
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concentration. The merging of twin peaks suggests lat-
tice distortion owing to the difference in ionic radii of the 
dopant and host ions, which results 

in structural distortion with Mn-substitution [21, 22]. 
Moreover, the magnified view of the XRD patterns (Fig. 3b) 
clearly shows the overlapping of the peaks and the shift-
ing of peaks towards higher 2θ values with Mn-doping 
which can be ascribed to size difference in the ionic radii 
of Fe2+ (0.782 Å) and Mn3+ (0.645 Å) ions. The obtained 
results were found to be in line with the studies carried out 
by Chandel et al.[22] and Hua et al. [23]. Therefore, one can 
notice that Mn-substitution in Fe site is an effective way to 
modulate the crystal structure of BFO. Thus, 3 mol% Mn-
doping in BFO is considered to be the optimum doping 
concentration for tailoring the optical parameters.

3.1.3 � Effect of Annealing Temperature on Mn‑doped BFO

Next, to investigate the effect of annealing temperature on 
Mn-doped BFO, these samples were annealed at different 
temperatures. Figure 4 depicts the XRD patterns of BFMO 
(3 mol %) samples annealed at different temperatures 
(500 °C, 550 °C, and 600 °C) for 2 h. It is evident from these 
XRD patterns that all the BFMO samples annealed at differ-
ent temperatures exhibit a rhombohedrally distorted per-
ovskite structure. Moreover, the intensity of impurity peaks 
of these samples first reduced with increasing annealing 
temperature from 500 °C to 550 °C. Subsequently, the 
impurity peaks increased for the sample annealed at 
600 °C. These results suggest that annealing temperature 
plays a decisive role in the pure phase formation of BFMO 
nanoparticles. Hence, annealing at 550 °C was found to 
exhibit the phase formation of BFO with a negligible trace 
of impurity phase and better crystallinity as compared to 
other BFMO samples annealed at different temperatures.

3.2 � Effect of Annealing Time on Mn‑doped BFO

Furthermore, to investigate the efficacy of annealing time 
on Mn-doped samples, the samples were annealed at 
550 °C for different durations. Figure 5 shows the XRD pat-
terns of these BFMO (3 mol %) samples annealed at 550 °C 
for 2 h, 4 h, and 6 h. All the samples exhibited good crys-
tallinity, indicating the formation of perovskite structured 
material. However, the secondary phase formation was 
found to increase with increasing annealing time, which 
could be accounted for the excessive number of oxygen 
vacancies at higher dwell times or the creation of bismuth 
vacancies due to the volatile nature of bismuth. In addi-
tion to this, the peak widths at half maxima were found 
to decrease with an increase in annealing temperature, 
indicating variation in particle size. Thus, annealing tem-
perature and time provide another tool to modulate the 
particle size, which in turn alters the physical properties.

Moreover, to correlate crystallite size with Mn-doping, 
annealing time, and annealing temperature, the average 
crystallite size was assessed from peak widths at half maxi-
mum of all the samples, using Debye–Scherrer formula

where D is crystallite size, k is the shape factor (~ 0.9), β 
is full width at half maxima (radians), λ is the wavelength 
of Cu Kα, and θ is diffraction angle. It was found that the 
average crystallite size decreased from 44−17 nm with 
increasing Mn concentration owing to the smaller ionic 
radius of Mn3+ (0.0645 Å) ion compared to the host site, 
Fe2+ (0.782 Å) ion. This result validates the substitution 
of Mn in the Fe site inside the host matrix. In addition to 
this, the average particle size was found to increase with 

D =
k�

�cos �

Fig. 4   XRD pattern of BFMO calcined at 400 °C and annealed at (I) 
500 °C, (II) 550 °C, (III) 600 °C

Fig. 5   XRD pattern of BFMO calcined at 400  °C and annealed at 
550 °C for (I) 2 h, (II) 4 h, (III) 6 h
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an increase in annealing temperature and annealing time 
for both undoped as well as Mn-doped samples. The aver-
age crystallite sizes of all the samples are summarized in 
Table 1.

3.3 � Morphological properties

Figure  6a,b shows the micrographs of BFO and BFMO 
samples annealed at 550 °C for 2 h. As evident from these 
micrographs, the microstructures are evolving into more 
(or) less uniform granular structures with negligible 

porosity, and also, a gradual reduction in granular size 
with Mn doping is detectable. This result is in good agree-
ment with XRD studies. Furthermore, the results showed a 
continuous grain growth in the BFO sample, whereas Mn-
doped samples seem to experience discontinuous grain 
growth in some regions. The above analysis revealed that 
Mn doping inhibits grain growth, which might be due to 
different diffusion rates of metal ions.

Figure 7a−c show the FESEM images of BFMO samples 
annealed at different temperatures (500 °C, 550 °C, 600 °C) 
respectively. The specimen consists of small clusters of 

Fig. 6   a FESEM micrograph 
of BFO calcined at 400 °C 
and annealed at 550 °C for 
2 h b FESEM micrograph of 
BFMO calcined at 400 °C and 
annealed at 550 °C for 2 h

Fig. 7   FESEM micrograph of BFMO annealed at a 500 °C/2 h, b 550 °C/2 h, c 600 °C/2 h, d 550 °C/2 h, e 550 °C/4 h, f 550 °C/6 h
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particles at lower annealing temperatures. As the anneal-
ing temperature was increased, the grain size was found to 
increase. Fig 7d−f depict the SEM images of BFMO samples 
annealed at 550 °C for different time durations (2 h, 4 h, 
and 6 h), respectively. It appears from these micrographs 
that granular size increases upon increasing annealing 
time and the samples become more agglomerated for 
higher annealing times.

3.4 � Compositional properties

Energy-dispersive X-ray spectral studies were carried out 
to check the chemical composition of both the undoped 
BFO and BFMO samples, and the recorded spectra are 
shown in Fig. 8a and Fig. 8b, respectively. The analysis of 
these spectral patterns confirmed the presence of Mn in 
the doped sample, and also ruled out the presence of for-
eign elements in all the samples. In addition to this, the 
results obtained also gave a quantitative composition of 
all the constituents. The elemental concentration in terms 
of the atomic percentage of bismuth, iron, and oxygen in 
the undoped sample was found to be 20.34%, 22.73%, and 
56.93%, respectively. In BFMO, the percentages of bismuth, 
iron, manganese, and oxygen are 20.29%, 19.67%, 2.36%, 
and 57.68%, respectively.

3.5 � Elemental mapping studies

To confirm the uniformity of dopant (Mn) across the 
regions in the sample, elemental mapping images were 
recorded for the BFMO sample. Figure 8c−g show the 
images obtained from elemental mapping studies. Fig-
ure 8c, d, e show a uniform notation in the colour codes 
of Bi, Fe, and Mn, respectively, which indicates the homo-
geneous distribution of the elements in the BFO matrix. 
However, a non-uniform spread of the colour in Fig. 8f 
shows an irregular variation of oxygen content in the BFO 
matrix. The dark patches in Fig. 8f indicates the oxygen 
vacant regions. The mixed mapping image of all the con-
stituent elements is shown in Fig. 8g. Thus, the elemental 
mapping analysis confirms the homogeneous distribution 
of the dopant ions in the BFO matrix. These results suggest 
that the citrate precursor preparation technique facilitates 
the uniform distribution of dopants in the BFO matrix.

3.6 � 3.5 FTIR studies

Figure  9 shows the FTIR spectra of undoped BFO and 
BFMO samples recorded in the wavenumber range 
450−2000 cm−1. FTIR spectral analysis is a crucial charac-
terization tool that gives the qualitative as well as quan-
titative information about the sample by identifying the 

Fig. 8   EDAX spectra of a BFO, b BFMO, Elemental mapping images of constituent elements in BFMO c Bi, d Fe, e Mn, f O, g all constituents 
mixed
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chemical bonds present in the sample. The sharp peaks 
in the band range 450−600 cm−1 are attributed to Fe–O 
stretching vibration and O–Fe–O bending vibration of the 
octahedral FeO6 group. This result confirms the perovskite 
structure of our samples and is consistent, as reported by 
Liu et al. [24]. The peak at 1636 cm−1 is due to the bending 
vibration of O–H−O present in the sample, which might 
have incorporated during the synthesis process [8]. The 
bands observed around 1400 cm−1 and 1150 cm−1 are 
attributed to the trapped nitrates in the xerogel matrix 
during the synthesis process [8, 24]. Moreover, in the pre-
sent work, it was observed that the strong absorption 
band (metal–oxygen band) shifted towards higher wave-
number with Mn-doping, which might be attributed to 
distortion occurring in the bonds due to difference in ionic 
radii. The positions of all obtained absorption bands are 
given in Table 2.

3.7 � Optical properties

In order to study the optical properties of undoped BFO 
and BFMO samples under different thermal annealing 
conditions, the absorption spectra of all the samples were 
recorded in the wavelength range of 350−750 nm using 
a UV–visible photo-spectrometer. Figure 10a shows the 
strong absorption of undoped and Mn-doped samples 
in the visible region. A significant increase in absorbance 
was noticed with Mn-doping. Mn-substitution seems to be 
effectively absorbing more light in the wavelength range 
500−750 nm. Absorption of light in the longer wavelength 
signifies narrowing energy absorption edge, which sug-
gests a reduction in optical bandgap.

To quantify this fact, the absorption coefficient (α) 
of undoped and Mn-doped samples was calculated at 
375 nm. The absorption coefficient was found to increase 

Fig. 9   FTIR spectra of a BFO, b BFMO

Table 1   Average crystallite size of undoped and Mn-doped sam-
ples under different conditions of thermal treatment

Composition Mn Mol % 
(x)

Annealing 
tempera-
ture (°C)

Annealing 
time (hour)

Average 
crystallite 
size (nm)

BiFe1-xMnxO3 0 550 2 44
BiFe1-xMnxO3 3 550 2 24
BiFe1-xMnxO3 5 550 2 17
BiFe1-xMnxO3 3 550 4 26
BiFe1-xMnxO3 3 550 6 27
BiFe1-xMnxO3 3 500 2 18
BiFe1-xMnxO3 3 600 2 27

Table 2   Absorption bands of BFO and BFMO samples

Composition Vibrational bands in cm−1

V1 V2 V3 V4

BFO 554 1123 1401 1636
BFMO 559 1131 1402 1437

Fig. 10   Absorbance spectra of a BiFe1-xMnxO3 compositions b BFMO annealed at different temperatures for 2 h, c BFMO annealed at 550 °C 
for different durations
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by 31% in comparison to BFO. These results predict that 
Mn-substitution in BFO may augment the light-harvesting 
efficiency (LHE) of the BFO matrix. The absorption coef-
ficient was calculated using the relation

where α is the absorption coefficient, (Ab) is absorb-
ance, and t is the thickness of the sample [26]. To describe 
the relation between optical bandgap, and thermal treat-
ment conditions of BFMO samples, the absorption spectra 
of all the samples with different annealing temperatures, 
and various heat dwell times were recorded and are shown 
in Figs. 10b,c, respectively.

The optical bandgap values of all the samples are calcu-
lated using Tauc’s relation as given below [26, 27].

where C is parameter independent of the incident light, 
h� is the energy of incident light, � is absorption coefficient, 
n is a number equal to 4 for indirect semiconductors, and 
1 for direct semiconductors. The bandgap values are cal-
culated by plotting the dependence of (�h�)2 on incident 
light h� and establishing linear extrapolation of (�h�)2 to 
zero while considering BFO as direct bandgap semicon-
ductor material at room temperature.

Figure 11a shows the Tauc’s plots for calculating the 
bandgap values of undoped BFO and BFMO samples. The 
direct bandgap value of BFO was found to be 2.08 eV, 
which is consistent with several reports addresses in lit-
erature [28–30]. Recently, Rhaman et al. (2019) reported a 
significant bandgap reduction in orthorhombic BFO via Co 
substitution [31]. To our interest, a considerable decrease 
in bandgap value from 2.08−1.79  eV was observed in 

� = 2.303
(Ab)

t

� =
C
(

h� − Eg
)

n

2

h�

the BFMO sample. There are several possibilities for this 
reduction in the bandgap values. One option speculates 
the fact that impurity levels are probably generated within 
the forbidden band, which may either shift the donor level 
over the actual valence band or acceptor level under the 
real conduction band and hence reduce the bandgap of 
Mn-doped sample. Lee et al. reported the optical band of 
BiMnO3 to be 1.2 eV [32]. The other possible reason could 
be ascribed to rearrangement in molecular orbitals, and 
distortion generation in FeO6 octahedral owing to the 
differences in ionic radii of Mn3+ and Fe3+ ions because 
the bandgap in BFO is measured between the Fe (3d) con-
duction band and mixed-valence band of O(2p)—Fe(3d) 
[33]. The variation in bandgap values of BFMO samples, 
annealed at 550 °C with different heat dwell times (2 h, 4 h, 
and 6 h), is shown in Fig. 11b. Lowest bandgap (1.62 eV) 
was observed for the sample with the most prolonged 
heat treatment time (6 h). Various parameters that may 
influence the bandgap include particle size, microstruc-
tural defects, chemical structure, and oxygen vacancies 
[34–37]. This reduction in bandgap values with increasing 
annealing time may be ascribed to an increase in particle 
size due to quantum size confinement [38].

Additionally, the XRD patterns clearly revealed the pres-
ence of the secondary phase of Bi2Fe4O9 for the samples 
annealed for longer durations (4 h, 6 h), which is a low 
bandgap material with bandgap values ranging from 
1.6−1.9 eV [39]. Thus, the presence of the secondary phase 
of Bi2Fe4O9 poses another possible mechanism for band-
gap reduction. The variation in optical bandgap values of 
BFMO samples with increasing annealing temperature 
is shown in Fig. 11c. The figure shows that the bandgap 
increases from 1.68−1.89 eV with an increase in annealing 
temperature. As XRD and SEM observations have shown an 
increasing trend in particle size with increasing annealing 
temperature, a reduction in bandgap values is expected. 

Fig. 11   (αhʋ)2 plotted as a function of hʋ for a BiFe1-xMnxO3 compositions with x = 0.00 and x = 0.03, b BFMO annealed at 550 °C for (I) 2 h, (II) 
4 h, (III) 6 h c BFMO annealed for 2 h at (I) 500 °C, (II) 550 °C, (III) 600 °C
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However, our results show an increasing trend with an 
increase in annealing temperature, which is contrary to 
more commonly observed findings. As observed in XRD 
patterns of BFMO samples annealed at a different tem-
perature, the samples annealed at 500 °C and 600 °C have 
shown more impurity peaks than the sample annealed at 
550 °C; hence this contradiction may be attributed to the 
presence of impurity phases. However, a complete expla-
nation is not yet there. In addition to this, BFMO sample, 
annealed at 550 °C can be considered as the lowest band-
gap material without losing phase purity. The variation 
of bandgap values of BFMO as a function of annealing 
temperature and annealing time is shown in Figs. 12a, b, 
respectively. The observed results propose that the BFMO 
sample annealed at 550 °C for 2 h favours the highest light 
absorption without losing its purity, and hence promises 
to be a potential candidate for future photovoltaics.

4 � Conclusions

In summary, a simple and cost-effective citrate precursor 
technique was employed to prepare undoped and Mn-
doped BFO nanoparticles at the lowest known tempera-
ture (550 °C). Structural, morphological, and optical prop-
erties of BFO were found to vary with both Mn-doping as 
well as thermal annealing conditions. Mn-doped samples 
were subjected to various heat treatments and the per-
ovskite structured BFO with the R3c group was confirmed 
by XRD studies. The average crystallite size was found to 
increase with the increase in annealing temperature and 
annealing time for both undoped BFO and Mn-doped BFO. 
FTIR spectral analysis confirmed the perovskite structure 

and structural distortion in BFMO. The optical bandgap 
was decreased significantly with Mn substitution. The 
bandgap values showed direct variation with annealing 
temperature and inverse variation with annealing time. 
The bandgap value of BFO was successfully tuned from 
2.08−1.62 eV, which is suitable for light-harvesting appli-
cations for absorbing a broader spectrum of solar radia-
tion. BFMO samples annealed at 550 °C for 2 h showed 
higher absorption coefficient and lower bandgap value 
without structural phase transition or additional phases 
in comparison to other samples prepared under differ-
ent annealing conditions. The results obtained propose 
a user-friendly approach for synthesizing single-phase of 
BFO, and tailoring its optical bandgap via chemical substi-
tution and varying thermal treatment conditions, which 
might be a promising tool for light-harvesting device 
applications. The citrate precursor method appears to be 
an attractive synthesis approach; however, careful control 
on thermal annealing conditions (annealing temperature, 
annealing time, heating rate) has a decisive impact on the 
phase formation, and other physical properties of BFO 
nanoceramics.
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