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ABSTRACT
The construction of an efficient bismuth iron oxide shows great potential in excel-
lent crystal structure properties and visible light photocatalysis. However, it is 
challenging to synthesize nanostructures with the desired morphologies. For the 
first time, the bismuth iron oxide is fabricated using sol–gel synthesis method, 
exhibiting the desired crystallite size and tuning the types of heterojunction nano-
structures by regulating the concentration of  Fe3+ and calcination temperature. As 
a result, the feeding ratios of bismuth ferrite materials  Bi2Fe4O9,  BiFeO3/Bi2Fe4O9, 
 BiFeO3,  BiFeO3/Bi25FeO40, and  Bi25FeO40 are 2:1, 1.5:1, 1:1, 0.75:1, 0.5:1, and 0.04:1, 
respectively. Besides, the calcination temperature not only influences the granu-
larity of bismuth iron oxide but also promotes the phase transformation from 
 BiFeO3 to  Bi2Fe4O9. Moreover,  BiFeO3/Bi2Fe4O9 and  BiFeO3/Bi25FeO40 heterojunc-
tion nanostructures display strong interactions between  BiFeO3–Bi2Fe4O9 and 
 Bi25FeO40. Besides,  BiFeO3/Bi25FeO40 heterojunction nanostructures exhibit obvi-
ous grain boundary with the smallest bandgap. This study presents far-reaching 
implications and provides pathways to prepare  BiFeO3/Bi2Fe4O9 and  BiFeO3/
Bi25FeO40 heterojunction nanostructures.

1 Introduction

Bismuth iron oxide, as a typical semiconductor, is 
widely employed because of its narrow bandgap and 
excellent storage, sensing, and multiferroic properties 
[1, 2]. However, further performance optimization of 
bismuth ferrite is a difficult task because the prepara-
tion of heterojunction nanostructures requires com-
plex reaction conditions [3, 4]. Hence, further improv-
ing the catalytic performance of bismuth ferrite for 

photocatalytic reactions by doping other metallic 
atoms and modifying the morphology of what requires 
the pursuit of heterojunction nanostructures with a 
controllable crystal phase [5–7]. Moreover, the func-
tions of redox activity, photocatalytic performance, 
and electron donor–acceptor pair in heterojunction 
materials are diverse and powerful [8, 9]. Among 
these several strategies, constructing heterojunction 
structures can significantly improve the utilization of 
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cleaner (Kunming Ultrasonic Instruments Co. Ltd., 
China) to obtain a clear solution. Then, 0.08 mol of cit-
ric acid (Tianjin Zhiyuan Chemical Reagent Co. Ltd., 
China) and 10 mL of ethylene glycol (Tianjin Kermel 
Co. Ltd., China) were added under magnetic stirring. 
Secondly, the reaction vessel was placed in a DF-10IB 
water bath (Changzhou Nuoji Instruments Co. Ltd., 
China) at 60 °C for 1 h. The as-obtained dark/brown 
gel was dried in a drying oven at 60 °C and the dried 
sample was placed in a muffle furnace after grounding 
into powder in an agate crucible. Finally, the sample 
in the muffle furnace was treated at 200 °C for 30 min 
and, then, heated to a certain temperature for 60 min, 
followed by cooling to room temperature. The heat-
ing and cooling rates were kept at 4.7 °C  min−1. The 
as-prepared sample was taken out and characterized 
as bismuth ferrite powder.

The crystal structure of bismuth iron oxide was 
studied by an X-ray diffractometer (Bruker D8 
Advance), equipped with a Cu Kα radiation source 
(λ = 1.5418 Å). The optical performance was measured 
using UV–vis spectroscopy (UV-2600) and X-ray pho-
toemission spectroscopy (XPS) was performed using 
a Thermo SCIENTIFIC ESCALAB 250Xi spectrom-
eter. The morphology and microstructure of the as-
prepared materials were characterized by a scanning 
electron microscope (SEM, JSM-7800F) and trans-
mission electron microscopy (TEM, JEOL-JEM 2100 
F), equipped with a field emission gun operating at 
200 kV.

3  Results and discussion

The structural characteristics of bismuth iron oxide 
were investigated comprehensively. As shown in 
Fig. 1a, at the calcination temperature of 550 °C, the 
diffraction peaks of bismuth ferrite oxide (BFO) at 
22.49°, 31.80°, and 32.13° can be attributed to (101), 
(012), and (110) planes of  BiFeO3, respectively. When 
the calcination temperature is less than 550 °C, the 
peak at 2θ = 27.77° reveals the presence of  Bi2O3, indi-
cating that the low temperature is favorable for the 
precipitation of the impurity phase. When the anneal-
ing temperature is greater than 550 °C, the peak at 
2θ = 29.72° corresponds to the  Bi2Fe4O9 phase. Hence, 
it can be inferred  BiFeO3 is quite unstable and easily 
transformed into  Bi2O3 and  Bi2Fe4O9 due to its unsta-
ble structure [13]. Therefore, the high temperature is 
favorable for the precipitation of  Bi2Fe4O9 (JCPDS: 

electron holes, while enhancing the electronic mobil-
ity and showing excellent optoelectronic properties 
[10–12].

Numerous research efforts have been devoted to 
fabricate the name material with a desirable structure 
and excellent ferroelectric properties. However, the 
influence of crystal structure on morphology, crys-
tallite size, and performance of bismuth iron oxide is 
still limited. Furthermore, the structure–property rela-
tionship of bismuth iron oxide with a heterojunction 
nanostructure is relatively complex, whereas main 
reasons for the precise regulation of phase composi-
tion content and grain size of the heterojunction are 
still unknown. Hence, the phase composition of opti-
mal design and precision synthesis of  BiFeO3/Bi2Fe4O9 
and  BiFeO3/Bi25FeO40 heterojunction nanostructures 
through the feed ratio of Bi, Fe, and calcination tem-
perature by simple  Fe3+ doping. These findings present 
far-reaching implications and provide pathways for 
the further development of heterojunction nanostruc-
ture with metallic doping of bismuth iron oxide.

Based on the aforementioned discussion, we 
designed and prepared  BiFeO3/Bi2Fe4O9 and  BiFeO3/
Bi25FeO40 heterojunction nanostructures by the sol–gel 
method. Herein, the preparation of heterojunction 
nanostructures is achieved by adjusting the crystal-
lite size and phase composition of bismuth iron oxide. 
Furthermore,  BiFeO3/Bi2Fe4O9 and  BiFeO3/Bi25FeO40 
heterojunction nanostructures display strong interac-
tions between  BiFeO3-Bi2Fe4O9 and  Bi25FeO40. Moreo-
ver,  BiFeO3/Bi25FeO40 heterojunction nanostructures 
exhibit obvious grain boundaries with a small band-
gap. This study presents a simple route to prepare 
 BiFeO3/Bi2Fe4O9 and  BiFeO3/Bi25FeO40 dual hetero-
junction nanostructures.

2  Experimental section

Bismuth iron oxide powder was prepared by the cit-
ric acid-based sol–gel method. Different molar ratios 
of Bi(NO3)3·5H2O (Tianjin Kermel Chemical Reagent 
Co. Ltd., China) and Fe(NO3)3·9H2O (Tianjin Tianli 
Chemical Reagents Co. Ltd., China) were mixed in 
a beaker under constant stirring to obtain a mixture. 
Then, 20 mL of ethylene glycol methyl ether (Tianjin 
Kermel Chemical Reagent Co. Ltd., China) and 20 μL 
of 0.2-M  HNO3 (Tianjin Kermel Chemical Reagent 
Co. Ltd., China) were added into a three-necked flask 
and magnetically stirred in a KQ-300 VDE ultrasonic 
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25–0090) phase. This confirms that the temperature 
can control the generation of bismuth iron oxide. The 
calculation of the relative content is consistent with 
that in the literature, where (IA is the intensity of the 
X-ray diffraction peak on the  BiFeO3 (101) plane; IR 
is the intensity of the X-ray diffraction peak on the 
 Bi2Fe4O9 (121), and  Bi25FeO40 (310) plane is used for 
all the following calculations of the relative content. 
As presented in Fig. 1b and c, when  Bi3+/Fe3+ is 1:1.5, 
different calcination temperatures indicate that the 
pure  BiFeO3 phase is generated at 500 °C in the pres-
ence of excess  Fe3+ and  Bi2Fe4O9 phase is generated 
and its content gradually increases with increasing 
temperature, indicating that  BiFeO3 phase transforms 
into  BiFeO3/Bi2Fe4O9 composite structure at T > 550 °C. 
Thus, the pure  BiFeO3 phase can be prepared in the 
presence of excess  Fe3+ and at low temperatures [14]. 
Figure 1d and e shows the influence of different calci-
nation temperatures when  Bi3+/Fe3+ is 0.75:1, which is 

the ratio with minimum bandgap width. The tempera-
ture renders little effect on the concentration of  BiFeO3/
Bi25FeO40 composite phase. Figure 1f and g shows the 
influence of different stoichiometric ratios at 700 °C. 
The given temperature is selected because it renders 
the smallest bandgap width. It can be seen that the 
characteristic diffraction peaks of  BiFeO3 and  Bi2Fe4O9 
are quite clear when the molar ratio of  Bi3+/Fe3+ is 
1:1.25 at 700 °C. These peaks clearly indicate the high 
content of  BiFeO3 and low content of  Bi2Fe4O9. Also, 
these peaks appear due to the presence of sufficient 
oxygen. However, both  BiFeO3 and  Bi2Fe4O9 possess 
similar diffraction peaks when the molar ratio of  Bi3+/
Fe3+ is 1:1.5 and the intensity of the characteristic dif-
fraction peak of  Bi2Fe4O9 is obviously enhanced when 
the molar ratio of  Bi3+/Fe3+ is 1:1.75. Moreover, only the 
characteristic diffraction peaks of pure  Bi2Fe4O9 exist 
and no characteristic diffraction peaks of other sec-
ondary phases exist when the molar ratio of  Bi3+/Fe3+ 

Fig. 1  XRD patterns and phase content of bismuth iron oxide: a–e Bi3 + /Fe3 + at different calcination temperatures and f–i Bi3 + /
Fe3 + at different stoichiometric ratios
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is 1:2. In addition, the as-generated pure  BiFeO3 and 
 Bi2Fe4O9 phases may correspond to the  Bi3+/Fe3+ stoi-
chiometry ratio of 1:1 [15, 16] and 1:2 [17], respectively, 
whereas excess  Fe3+ promotes the transformation of 
 Bi2Fe4O9 from  BiFeO3 phase, generating intermediate 
phases according to the molar ratio. As exhibited in 
Fig. 1h and i, the influence of different stoichiometric 
ratios is studied at 700 °C, which is a temperature with 
the smallest bandgap width. Herein, the content com-
position of  BiFeO3 exhibits a slower decay compared 
to the  Bi25FeO40 (JCPDS: 46-0416) with the decrease of 
 Bi3+/Fe3+ ratio from 1:0.75 to 1:0.04 at 700 °C. Also, dif-
ferent concentrations of  BiFeO3/Bi25FeO40 composite 
phase are formed with the decrease of  Fe3+ content 
and only  Bi25FeO40 exists when the molar ratio of  Bi3+/
Fe3+ is 1:0.04, which corresponds to the  Bi3+/Fe3+ stoi-
chiometric ratio of 25:1. Furthermore, what effectively 
avoids the destruction of  BiFeO3 crystal structure at 
high temperatures.

To explore interactions within BFO, XPS analysis 
determined the valence states and surface chemistry 
bonds of constituent elements. In high-resolution Bi 4f 
spectra, the fitted Bi 4f region shows two peaks near 
158.68 eV and 164.11 eV, corresponding to Bi  4f7/2 and 
Bi  4f5/2, respectively. This implies the existence of  Bi3+ 
valence states in both samples [18]. Moreover, Fe 2p 
regions split into two peaks for Fe  2p3/2 and Fe  2p1/2, 
which are fitted using the Gaussian–Lorentzian fitting. 
Spin–orbit binding energies located near 710 eV and 
723.5 eV can be attributed to Fe  2p3/2 and Fe  2p1/2 of 
 Fe2+ species, and the peaks centered near 711 eV and 
724.5 eV can be assigned to Fe  2p3/2 and Fe  2p1/2 con-
figuration of  Fe3+ species, respectively. Besides, this 
demonstrates the chemical valence states of Fe cations 
in  Bi25FeO40 and  BiFeO3/Bi25FeO40 samples. The peaks 
located at 713.17 eV and 712.64 eV correspond to  Fe4+ 
[19, 20]. The content of Fe species is shown in Table 1. 
In the high-resolution O 1 s spectra, two peaks with 
different binding energies are found, which belong to 
two different oxygen species. The peak near 529 eV 

can be attributed to the lattice oxygen  (OL), whereas 
the peak at 530 eV corresponds to the absorbed oxy-
gen species, representing non-lattice oxygen. As 
shown in Fig. 2a–c, XPS spectra of O 1 s, Bi 4f, and 
Fe 2p do not exhibit any obvious shift in peak posi-
tion for  BiFeO3 and  BiFeO3-Bi2Fe4O9, confirming the 
presence of weaker interactions between  BiFeO3 and 
 Bi2Fe4O9 and indicating that  BiFeO3-Bi2Fe4O9 chemi-
cal bond interactions are similar to  BiFeO3. Further-
more, in the XPS spectra of three materials, the Bi 4f, 
Fe 2p, and O 1 s peaks of  BiFeO3/Bi2Fe4O9 negatively 
shift around 0.1–0.4 eV as compared to  BiFeO3 and 
 Bi2Fe4O9, indicating the presence of strong interactions 
between  BiFeO3 and  Bi2Fe4O9. Moreover, the hetero-
junction nanostructure properties of  BiFeO3–Bi2Fe4O9 
alloy models and  BiFeO3/Bi2Fe4O9 heterojunction 
nanostructure are evaluated. In Fig. 2d–f, the peaks 
in high-resolution Bi 4f, Fe 2p, and O 1 s spectra 
from  BiFeO3/Bi25FeO40 heterojunction nanostructure 
are negatively shifted around 0.1–0.53 eV compared 
to  BiFeO3 and  Bi25FeO40, indicating the presence of 
strong electronic interactions between  BiFeO3 and 
 Bi25FeO40, as exhibited in Fig. 2g–i. Moreover, com-
pared to alloy precipitated  (BiFeO3–Bi2Fe4O9) by tem-
perature controlled with the heterojunction structure 
synthesized  (BiFeO3/Bi2Fe4O9) by stoichiometric ratio 
calculation is weaker, the interactions between multi-
ferroic materials  (BiFeO3/Bi2Fe4O9) and bismuth-rich 
materials  (BiFeO3/Bi25FeO40) are much stronger than 
pure bismuth iron oxide phases  (BiFeO3,  Bi2Fe4O9, and 
 Bi25FeO40).

The morphologies of as-prepared  Bi2Fe4O9 and 
 BiFeO3/Bi2Fe4O9 heterojunctions are investigated by 
SEM, TEM, and HRTEM to confirm the nanosheet-like 
morphology and heterojunction between  BiFeO3 and 
 Bi2Fe4O9. As shown in Fig. 3a–c,  Bi2Fe4O9 displayed 
obvious agglomeration to form highly polymeric 
channels and exhibited vivid lattice fringes with an 
interplanar spacing of 0.316 nm, corresponding to the 
(121) planes. As shown in Fig. 3d,  BiFeO3/Bi2Fe4O9 

Table 1  Elemental analyses 
of Fe using XPS

Sample Fe  2P1/2 (eV) Fe  2P3/2 (eV)

Bi2Fe4O9 710.1 712.04 723.7 725.64
BiFeO3/Bi2Fe4O9 710 711.64 723.5 721.38
BiFeO3 709.69 711.23 723.19 724.73
BiFeO3–Bi2Fe4O9 709.85 711.55 723.43 725.15
BiFeO3/Bi25FeO40 709.23 710.48 712.64 722.89 723.98 725.68
Bi25FeO40 709.33 710.95 713.17 722.73 724.45 727.06
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Fig. 2  High-resolution XPS spectra of BFO: a–c Bi 4f, Fe 2p, and O 1 s of BiFeO3 and BiFeO3-Bi2Fe4O9; d–f Bi 4f, Fe 2p, and O 1 s 
of BiFeO3, BiFeO3-Bi2Fe4O9, and Bi2Fe4O9; and g–i Bi 4f, Fe 2p, and O 1 s of BiFeO3, BiFeO3-Bi25FeO40, and Bi25FeO40

Fig. 3  a SEM and b TEM images of Bi2Fe4O9 heterojunction nanostructures; c HRTEM image of Bi2Fe4O9 nanostructures; d SEM 
and e TEM images of BiFeO3/Bi2Fe4O9 heterojunction nanostructure; and f HRTEM image of BiFeO3/Bi2Fe4O9 nanostructures
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exhibits pores formed due to extensive agglomeration 
and the surface morphology becomes relatively loose 
compared to  Bi2Fe4O9. As displayed in Fig. 3e and 
f, the observed angle between two crystallographic 
planes is consistent with the theoretical value and the 
lattice spacings of 0.252 nm and 0.316 nm correspond 
to (202) and (121) planes of  BiFeO3 (JCPDS # 25-0090) 
[21] and  Bi2Fe4O9 (JCPDS # 20-0169) [22, 23], respec-
tively. These results are consistent with XRD and XPS 
results. Moreover, the successful incorporation of 
 Bi2Fe4O9 into  BiFeO3/Bi2Fe4O9 confirms that the pro-
posed preparation method realizes the construction of 
heterojunction nanostructures.

Furthermore, SEM, TEM, and HRTEM images are 
observed to further analyze the heterojunction and 
nanosheet morphologies. Figure 4a–c displays loose 
irregular massive nanosheet-like morphology. Also, 
the HRTEM image exhibits well-defined lattice fringes 
with an interplanar spacing of 0.32 nm, correspond-
ing to (310) crystal planes of  Bi25FeO40. As shown 

in Fig. 4d, what exhibits relatively loose and irregu-
lar block-like morphology and the surface exhibits 
obviously different grain boundaries compared to 
 Bi25FeO40. As exhibited in Fig. 4e and f, d(202) = 0.252 
may be the lattice spacing of  BiFeO3 [21] and another 
lattice spacing of d(622) = 0.325 may correspond to 
 Bi25FeO40 (JCPDS # 46-0416). Meanwhile, the material 
is also identified as  BiFeO3 and  Bi25FeO40 by XRD, as 
shown in Fig. 1. Elemental maps (Fig. 4g–i) demon-
strate the corresponding elemental distribution, which 
is consistent with the observations, indicating that the 
grain boundaries of  BiFeO3 and  Bi25FeO40 are formed. 
Combined with XPS, it can be inferred that strong 
interactions exist between  BiFeO3 and  Bi25FeO40, con-
firming that a certain interfacial effect exists between 
 BiFeO3 and  Bi25FeO40.

As shown in Fig. 5, the UV–vis diffuse reflectance 
absorption spectra exhibit a red shift from the UV 
region to the visible region. In the visible band, the 
spectral lines are shifted toward the red end of the 

Fig. 4  a SEM and b TEM images of Bi25FeO40 nanostructures; 
c HRTEM image of Bi25FeO40 nanostructures; d SEM and e 
TEM images of BiFeO3/Bi25FeO40 heterojunction nanostruc-

ture; f HRTEM image of BiFeO3/Bi25FeO40 heterojunction 
nanostructures; and g–i EDS elemental maps of Bi, Fe, and O in 
BiFeO3/Bi25FeO40 heterojunction nanostructures



J Mater Sci: Mater Electron (2023) 34:2236 Page 7 of 12 2236

spectrum by a certain distance. One should note that 
bismuth ferrite oxide exhibits light absorption proper-
ties around 500–600 nm. The corresponding forbidden 
bandwidths and optical bandgap of the tested sample 
are fitted with the Tauc equation based on the relation-
ship between (αhυ)2 and hυ [24]. As shown in Fig. 5a 
and b, the magnitude of the forbidden bandwidths at 

500 °C, 550 °C, 600 °C, 650 °C, and 700 °C is 1.96 eV, 
2.05 eV, 1.98 eV, 1.98 eV, and 1.92 eV, respectively. 
The contents of the forbidden bandwidth are shown 
in Table 2, illustrating that the energy bandgap of bis-
muth ferrite oxide nanostructures is changed in the 
range of 1.92–2.05 eV by controlling the calcination 
temperature. In addition, the forbidden bandwidth at 

Fig. 5  UV–vis DRS spectra, Kubelka–Munk curves, Mott–
Schottky curves, and nanostructured heterostructures of bismuth 
ferrite oxide materials: a–c at different calcination temperatures 
with Bi3 + /Fe3 + stoichiometric ratio of 1:1; d–i with differ-

ent molar ratios of Bi3 + /Fe3 + at the calcination temperature 
of 700  oC; and j as-formed BiFeO3/Bi2Fe4O9 and BiFeO3/
Bi25FeO40 heterogeneous nanostructures
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500 °C is significantly smaller than at 550 and 650 °C, 
which is probably due to the generation of  Bi2O3/
BiFeO3 at 500 °C [25]. As the temperature increases 
to 700 °C, the forbidden bandwidth decreases and the 
grains become denser [21]. This proves the conjecture 
that agglomeration occurs during the high-tempera-
ture calcination process. Furthermore, bismuth-rich 
materials  (BiFeO3/Bi25FeO40) are better than multifer-
roic materials  (BiFeO3/Bi2Fe4O9). As shown in Fig. 5d, 
e, g, and h, the optical bandgap for different molar 
ratios of  Bi3+/Fe3+ (1:2, 1:1.75, 1:1.5, 1:1.25, 1:1, 1:0.75, 
1:0.5, 1:0.25, and 1:0.04) is found to be 1.94 eV, 1.90 eV, 
1.87 eV, 1.89 eV, 1.92 eV, 1.77 eV, 1.93 eV, 1.99 eV, 
and 2.12 eV, respectively. The contents of the forbid-
den bandwidth are shown in Table 3, indicating that 
the bandgap width of heterojunction nanostructure 
materials  (BiFeO3/Bi2Fe4O9 and  BiFeO3/Bi25FeO40) 
is smaller than the pure bismuth iron oxide phase 
 (BiFeO3,  Bi2Fe4O9, and  Bi25FeO40), which is consist-
ent with XPS results. Moreover, bismuth-rich mate-
rials  (BiFeO3/Bi25FeO40) are better than multiferroic 

materials  (BiFeO3/Bi2Fe4O9). As exhibited in Fig. 5c, 
f, and i, the Mott–Schottky curves (representing the 
values of EVB) of  BiFeO3-Bi2Fe4O9 are highly similar 
to  BiFeO3, indicating that the precipitated impurities 
render a little influence on the structure of bismuth 
iron oxide, as revealed by XPS results. In addition, ECB 
can be given as follows:

Ee refers to the energy of free electrons on the 
hydrogen scale (∼4.5 eV), X represents the geomet-
ric mean of electronegativity, and Eg corresponds to 
the bandgap of the semiconductor compound.  EVB of 
 Bi2Fe4O9,  BiFeO3/Bi2Fe4O9,  BiFeO3,  BiFeO3/Bi25FeO40, 
and  Bi25FeO40 is found to be 1.61 eV, 1.3 eV, 1.42 eV, 
1.18 eV, and 1.69 eV, respectively, whereas ECB is 
found to be − 0.33 eV, − 0.57 eV, − 0.5 eV, − 0.59 eV, and 
− 0.43 eV, respectively. The contents of the bandgaps 
are shown in Table 4, indicating that the heterojunc-
tion materials are more prone to electron–hole transi-
tions. Figure 5j presents the schematic illustration of 
the as-formed heterostructure of  BiFeO3/Bi2Fe4O9 and 
 BiFeO3/Bi25FeO40.

To further compare the intrinsic activity of bismuth 
ferrite oxide, the bandgap widths and corresponding 
crystallite sizes of heterojunction nanostructures at dif-
ferent calcination temperatures were calculated. From 
the diffuse reflectance spectrum, the Kubelka–Munk 
function can be used to estimate the optical absorp-
tion edge energy (Figure b, e). The forbidden band-
widths change significantly when the wavelength is 
around 600 nm, and the spectral lines of the spectrum 
move toward the red end and the wavelength becomes 
longer, indicating a significant red shift phenomenon 
(Figure a, d). The forbidden bandwidths of  BiFeO3/
Bi2Fe4O9 and  BiFeO3/Bi25FeO40 at 500 °C, 550 °C, 

(1)E
VB

= X − E
e
+ 0.5E

g
,

(2)E
CB

= E
VB

− E
g
.

Table 2  The bandgap at different calcined temperatures with 
 Bi3+/Fe3+ stoichiometric ratio of 1:1

Sample Temperature (at 700 °C) Forbidden 
bandwidths 
(eV)

1 500 1.96
2 550 2.05
3 600 1.98
4 650 1.98
5 700 1.92

Table 3  The forbidden bandwidths of samples with different 
 Bi3+/Fe3+ stoichiometric ratios at 700 °C

Sample Ratio of  Bi3+/Fe3+

(at 700 °C)
Forbidden 
bandwidths 
(eV)

1 1:2 1.94
2 1:1.75 1.90
3 1:1.5 1.87
4 1:1.25 1.89
5 1:1 1.92
6 1:0.75 1.77
7 1:0.5 1.93
8 1:0.25 1.99
9 1:0.04 2.12

Table 4  The bandgap of bismuth iron oxide at 700 °C

Sample EVB (eV) ECB (eV)

Bi2Fe4O9 1.61 − 0.33
BiFeO3/Bi2Fe4O9 1.3 − 0.57
BiFeO3 1.42 − 0.5
BiFeO3/Bi25FeO40 1.18 − 0.59
Bi25FeO40 1.69 − 0.43
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600 °C, 650 °C, and 700 °C are 1.94/1.91 (eV), 1.99/1.91 
(eV), 1.90/1.85 (eV), 1.90/1.84 (eV), and 1.87/1.77 (eV), 
respectively, as shown in Table 5. The activity of these 
bismuth ferrite oxide materials is also supported by 
comparing their bandgap width, while bandgap width 
of  BiFeO3/Bi25FeO40 material is smaller than  BiFeO3/
Bi2Fe4O9 material. The crystallite size can be generally 
calculated using Scherrer’s equation, as described else-
where [26]. After the continuous calcination tempera-
ture tests, crystallite size exhibits different variations, 
where the crystallite size of  BiFeO3 and  Bi25FeO40 
materials exhibits a severe increase and  Bi2Fe4O9 crys-
tals exhibits a little change in crystallite size (Fig. 6c, f 
and Supplementary Fig. 1). This indicates that the tem-
perature promotes the growth of  BiFeO3 and  Bi25FeO40 
grains, and the higher the temperature, the larger the 
grain size of  BiFeO3 and  Bi25FeO40 grains. In addition, 

the different  Bi3+/Fe3+ ratio also affects the granularity 
of  BiFeO3,  Bi2Fe4O9, and  Bi25FeO40 materials as dem-
onstrated in (Supplementary Fig. 2, 3).

4  Conclusion

In conclusion, the desired phase composition, het-
erojunction nanostructure, and crystallite size of 
bismuth iron oxide, with an optimal concentration 
of  Fe3+, were successfully prepared by the sol–gel 
method. The experimental results reveal that  BiFeO3/
Bi2Fe4O9 and  BiFeO3/Bi25FeO40 heterojunction nano-
structures display strong interactions between 
 BiFeO3-Bi2Fe4O9 and  Bi25FeO40. Besides, this band-
gap width of  BiFeO3/Bi2Fe4O9 and  BiFeO3/Bi25FeO40 
heterojunction nanostructures is smaller than that of 

Table 5  Forbidden 
bandwidths at different 
calcination temperatures with 
 Bi3+/Fe3+ stoichiometric 
ratios of 1:1.5 and 1:0.75

Sample ( °C) Forbidden bandwidths 
(eV) of  BiFeO3 and 
 Bi2Fe4O9

Crystallite size of  BiFeO3 
and  Bi2Fe4O9

Critical size 
of  BiFeO3 and 
 Bi25FeO40

500 1.94 1.91 101.26 53.0 42.9 30.2
550 1.99 1.91 230.8 56.4 60.9 40.3
600 1.90 1.85 165.1 58.0 64.1 44.7
650 1.90 1.84 195.9 61.3 79.5 61.3
700 1.87 1.77 195.9 65.5 81.25 63.1

Fig. 6  UV–vis DRS spectra, Kubelka–Munk curves, Mott–Schottky curves, and granularity variation of bismuth ferrite oxide materials 
at different calcination temperatures of 500 oC, 550 oC, 600 oC, and 650 oC with Bi3 + /Fe3 + ratio of 1:1.5 and 1:0.75
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 BiFeO3,  Bi2Fe4O9 and  Bi25FeO40 materials. At the same 
time, synthesizing heterojunction, increasing calcina-
tion temperature, and reducing  Fe3+ concentration 
can precisely control the heterojunction structure, 
phase composition, grain size, and narrow bandgap 
of the materials. In addition,  BiFeO3/Bi25FeO40 het-
erojunction has obvious grain boundaries and mini-
mum bandgap. These findings provide pathways for 
the photocatalytic application of bismuth iron oxide 
and redox reactions. Meanwhile, the crystallite size 
plays an important role in controlling the optical, 
magnetic, electrical, and catalytic properties. Overall, 
these results have far-reaching implications from the 
viewpoint of  Fe3+ content on the structure and per-
formance of bismuth oxide.
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