
 Journal of Metals, Materials and Minerals, 34(4), 1837, 2024 
 
  

JMMM  
Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn University.  

 DOI: 10.55713/jmmm.v34i4.1837 
 

Influence of Bi substitution on structural and optical properties of LaFeO3 perovskite 
 
Mohammed Sadok MAHBOUB1,*, Ouarda BEN ALI1, Soria ZEROUAL1, Ghani RIHIA1, Mourad MIMOUNI1, 
Imad HAMADNEH2, Samir BAYOU3, Hani BOULAHBEL4, Adel BENARFA5, and Ferhat REHOUMA1 
 
1  LEVRES Laboratory, University of El Oued, 39000 El Oued, Algeria 
2 Department of Chemistry, Faculty of Science, University of Jordan, Amman 11942, Jordan 
3 Chemistry department, Faculty of Exact Sciences, University of El Oued, 39000 El Oued, Algeria 
4 Centre de Recherche Scientifique et Technique en Analyses Physico-Chimiques BP 384, Siège ex-Pasna Zone Industrielle Bou-Ismail,  
 CP 42004 Tipaza, Algeria 
5 Centre de Recherche Scientifique Et Technique en Analyses Physico-Chimiques (CRAPC)-PTAPC, P.O. Box 0354, Laghouat 03000, Algeria 
 
*Corresponding author e-mail: mahboub-mohammedsadok@univ-eloued.dz

Received date: 
 11 September 2023 
Revised date: 
 28 May 2024 
Accepted date: 
 11 September 2024 
  
  
Keywords: 
 Band gap energy;  
 Nanoparticle;  
 Photocatalytic; 
 Sol-gel; 
 Solar cell 

Abstract 
The sol-gel self-ignition method has successfully synthesized a series of homogenous perovskites 

La1-xBixFeO3 (x=0.0, 0.2, 0.4, 0.6, and 0.8) nanoparticles. Rietveld refinement results from XRD patterns 
revealed no secondary phases in pure and Bi-substituted LaFeO3 samples. The structural transition 
from orthorhombic at x = 0.0 until x=0.6 (space group Pbnm) to rhombohedral at x=0.8 (space group R3c) 
was observed. Lattice parameter values increase slightly with Bi concentration due to the substitution 
of Bi in the LaFeO3 structure. The average crystallite size D was found to vary between 19 nm and 50 nm. 
The combination of XRD and SEM demonstrated that the prepared Bi-doped LaFeO3 is a single-
phase perovskite with a relatively homogeneous particle size distribution. SEM images revealed quasi-
spherical particle shapes. FTIR spectra identify the metal oxide bending vibrations at about 536 cm‒1 
and 717 cm‒1 attributed to Fe-O and La-O bonds, respectively. No significant effect of Bi substitution 
from 0% up to 60% on crystal volume was observed, as confirmed by FTIR spectroscopy, which showed 
no shift in La/Fe-O bending vibration modes with increasing Bi content. The obtained results indicated 
that the Eg values exhibited a monotone decrease with an increase in Bi ratio. The band gap values 
varied from 2.2 eV for pure LaFeO3 to 1.85, 1.76, 1.54 and 1.35 eV for the substitutions of 20%, 40%, 
60% and 80% respectively. Hence, the sample La0.2Bi0.8FeO3 with the small band gap value can be 
used as a promising candidate in solar cell applications. 

1.  Introduction 
 
Recently, there has been a surge in interest in the preparation of 

complex perovskite oxides due to their attractive physical and chemical 
properties. Prominent among these materials are perovskite lanthanum 
ferrite and related compounds, defined by the general formula 
La1−xAxFeO3 ( A = Ca, Ce, Sr, Sm, or other rare earth elements). These 
compounds are garnering attention due to their wide-ranging applications 
in fuel cell technology [1,2], catalysis [3,4], sensor material for the 
detection of humidity and alcohol [5,6], environmental monitoring 
systems [7], water splitting [8,9] and photocatalysis [10].  

The semiconductor photocatalytic technique has gained marvelous 
attention in recent years, attributed to its cost-effectiveness, non-toxicity, 
high chemical and thermal stability, and environmentally friendly nature 
[11-13]. LaFeO3 NPs, with a narrow band gap of about 2.0 eV to 2.6 eV, 
have been employed as a visible-light-driven catalyst; however, their 
photocatalytic efficiency is limited.  

Peters and Buonassisi [14] conducted a comprehensive study on 
solar cells with various band-gaps, including established technologies 
like Si and CdTe, as well as emerging materials such as perovskites. 
Their investigation revealed that the band-gap for which the highest 

efficiency is achieved varies very little, with an optimum value of 
1.35 ± 0.01 eV. Additionally, nanocomposites of mesoscopic TiO2 
modified with nanoparticles of the inorganic perovskite LaFeO3, denoted 
as LaFeO3:TiO2, have been developed. These nanocomposites serve 
as electron transport layers (ETLs) in perovskite solar cells (PCSs), 
contributing significantly to the utilization of renewable energy [15].  

Doping LaFeO3 NPs with non-precious metals, such as La1-xSbx 

FeO3 [16] and La1-ySryNi1-xFexO3 [17], has demonstrated enhanced 
photocatalytic activity. Moreover, modification of LaFeO3 via chemical 
substitution with divalent cations has also been widely studied, and 
changes in its physical properties and performance characteristics 
have been reported [18-25]. For instance, Cu substitution in (La, Sr) 
FeO3 reduces unit cell volume and provides moderate absorbance of 
visible light, making it suitable for photocatalytic applications at low 
temperatures [20]. On another hand, Fitria et al. [26] revealed that 
La1−xBixFeO3 (x = 0.1, 0.3, and 0.5) samples exhibited the single phase 
orthorhombic structure with Pnma space group, and increasing Bi 
content led to a decrease in the dielectric constant. Likewise, Yao et al. 
[27] reported that the partial substitution of La atoms by Bi  (0.0≤x ≤0.5) 
results in single-phase compounds crystallized into an orthorhombic 
crystal structure (space group Pnma). Conversely, Wanjun et al. [28] 



  MAHBOUB, M. S., et al. 

J. Met. Mater. Miner. 34(4). 2024    

2 

suggested that the addition of more Bi-doping in La1−xBixFeO3 powders 
(0 ≤ x≤ 0.2) may transform the orthorhombic Pbnm structure into the 
rhombohedral R3c structure gradually. In another study, Ahmed et al. 
[29] observed traces of a secondary phase with a rhombohedral structure. 

Despite these studies, there is still a gap in systematic and comparative 
analysis regarding the effect of Bi-substituted La-site on the structural 
and optical properties of LaFeO3. Therefore, this study aims to address 
this gap by investigating the structural, morphological, and optical 
aspects of a series of La1−xBixFeO3 (x=0.0, 0.2, 0.4, 0.6, and 0.8) 
were investigated using X-Ray powder diffraction (XRPD), SEM/ 
EDX, FTIR, and UV-Visible spectroscopy. 
 
2.  Experimental 
 

The solution-gelation self-ignition technique was used to prepare 
Bismuth-doped Lanthanum ferrite (La1-xBixFeO3). Stoichiometric 
amounts of Lanthanum nitrate (La(NO3)3∙6H2O, Sigma-Aldrich, 
≥99.0%), Bismuth nitrate (Bi(NO3)3∙5H2O, Sigma-Aldrich, ≥98.0%), 
and Ferric nitrate (Fe(NO3)3∙9H2O, Sigma-Aldrich, ≥98.0%)  as starting 
materials were used to prepare La1-xBixFeO3 (x = 0, 0.2, 0.4, 0.6, and 
0.8). The raw materials were dissolved in 100 mL of bi-distilled water 
to form a clear solution and then evaporated at 60°C with continuous 
stirring using a magnetic stirrer. Additionally, nitric acid was added drop 
wise during the stirring process to control the pH. On the other hand, 
Citric acid, Sigma-Aldrich, ≥98.0% as a fueling agent, Ethylene 
Diamine Tetra Acetic acid (EDTA, Sigma-Aldrich, ≥98.0%), as a 
chelating agent, and Ethylene glycol, Sigma-Aldrich, ≥98.0%, as a 
polymerization agent were added to the solution and forming brown 
precursor solution. In the next step, the solution is heated to 120°C 
(10°C∙min‒1) until it becomes a dry gel. After that, the temperature 
increases to 350°C, and the gel turns into a puff. The obtained puff 
was dried at 110°C for 10 h to become a dark brown powder, and 
the soft powders were calcined at 600°C for 12 h with (5°C∙min‒1). 
Finally, the light brown powder was heated in the air using a tubular 
furnace (R 50/500/13 Nabertherm model) at 800°C for 24 h. This 
operation is repeated two times to obtain the phase. Nanocrystalline 
Yam orange powders of La1-xBixFeO3 (x = 0, 0.2, 0.4,0.6 and 0.8) 
were labeled LBF0, LBF2, LBF4, LBF6 and LBF8, respectively. 
The described reactions are shown in Equation (1): 

 
(1-x) La(NO3)3·6H2O + xBi(NO3)3 + Fe(NO3)3·9H2O +  
2C6H8O7·H2O + 3(3-x)O2  → La1−xBixFeO3  + 12CO2(g) +  
2N2(g) + 2NO2(g) + 12(3-x)H2O(g) + 7H2(g)   (1) 
 
Phase identification and unit cell parameter determination were 

checked using powder X-ray diffraction (XRD) at room temperature. 
Powder X-ray diffraction data were recorded using a Proto AXRD  

Benchtop diffractometer (Bragg-Brentano configuration), in the 2q 
range of 10° to 80°, with CuKα radiation (λ=1.5418 Å). The tube 
voltage and tube current are 30 kV and 20 mA, respectively. The 
crystallite sizes of the synthesized powders were determined from the 
full width at half-maximum (FWHM) in radians using the Scherrer 
formula [30] as shown in Equation (2): 

D = k· λ
βhkl cos θ

   ( 2 ) 

 
where k is the shape function for which a value of 0.9 is used, l is 

the wavelength of the incident X-Ray (Cu-Ka=1.5418Å), q is the 
diffraction angle, and βhkl is full-width at half-maximum (FWHM) of 
the XRD peaks. βhkl is appreciated as the estimated correct broadening 
of the sample. The morphology of the synthesized samples was examined 
using the scanning electron microscope model Thermo ScientificQuattro 
ESEM. At the same time, their compositions were analyzed by Energy 
dispersive X-ray (EDX) spectroscopy using a Zeiss SmartEDX detector 
integrated into Zeiss Evo15 Scanning Electron Microscope (SEM), 
intended to observe dry and conducting samples. The Fourier transform 
infrared (FTIR) spectra were recorded in the range 4000 cm‒1 to 
450 cm‒1 using IR Spirit - Shimadzu Fourier transform infrared (FTIR) 
spectrometer. The as-synthesized powders were measured using a 
Shimadzu -1900 UV visible spectrometer. 
 
3.  Results and discussion  

 
X-Ray Powder Diffraction patterns of the parent and substituted 

compounds are shown in Figure 1. 
 

 
Figure 1. X-ray powder diffraction pattern of La1-xBixFeO3 (a) x=0, (b) x=0.2, 
(c) x=0.4, (d) x=0.6, and (e) x=0.8. 

Table 1. Crystallographic parameters obtained by the rietveld refinement of La1-xBixFeO3 samples. 
 
Sample Space group Lattice parameters (Å) Volume (Å3) χ2 
  a b c   
LBF0 Pbnm 5.5542 5.5667 7.8534 242.82 1.16 
LBF2 Pbnm 5.5499 5.5660 7.8525 242.57 1.21 
LBF4 Pbnm 5.5491 5.5874 7.8282 242.71 1.52 
LBF6 Pbnm 5.5553 5.5641 7.8565 242.85 1.23 
LBF8 R3c 5.5695 5.5695 13.8081 428.32 1.46 
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Structural analysis has been performed by Rietveld refinement 
method [31], using the MAUD 2.33 software [32]. All peaks of 
La1-xBixFeO3 (x = 0, 0.2, 0.4, 0.6) samples can be refined on the 
orthorhombic Pbnm (N° 62) space group. However, the XRD pattern 
collected from the La0.2Bi0.8FeO3 sample exhibited notable features 
such as an increased intensity of the first peak located at 22.40°, the 
disappearance of the peak located at 25.30° and the splitting of the 
peak at 32.1°, indicating a transition to the rhombohedral R3c 
(N° 161) space group. Bi-doping inevitably induces a transition in 
perovskite materials from Pbnm to R3c structure, given that LaFeO3 
has an orthorhombic Pbnm structure, while BiFeO3 has a rhombohedral 
R3c structure. The refinement results are summarized in Table 1, 
and the final Rietveld refinement plot is presented in Figure 2. 

The fitting quality is assessed from the estimated goodness of 
fit 𝜒𝜒2 factor (see Eqts. N° 3, 4 and 5), which is defined as: 
 

χ2(goodness of fit) = �Rwp

Rexp
�

2
   ( 3 ) 

 
where 
 

   Rwp(weighted profile R factor) = �
∑ wi�yi(obs)-yi(calc)�2i

∑ wi�yi(obs)�2i
�

1 2⁄

  ( 4 ) 

 
and 
 

     Rexp(expected R factor) = � (N-P)
∑ wiyi(obs)2N

i
�

1 2⁄
  ( 5 ) 

 
Here, Yi, Yci is the respective experimental and calculated intensity 

value, wi is the variance, N is the number of points, P is the number 
of refined parameters, (N-P) is the degree of freedom. It is important 
to note that the best fits are those where  χ2 < 2 [33-35]. 

No apparent second phase can be detected in the doped samples, 
indicating complete dissolution of  Bi3+ ions in the host lattice by 
substituting the La3+. The unit cell volume of La1-xBixFeO3, where x in 
the range [0, 0.6], remains constant within the error standard deviation 
(e.s.d.) with the added amount of Bi. This constancy is attributed to the 
very close radius of Bi3+ ion (r(Bi3+) = 1.17Å) compared to the La3+ ion 
(r(La3+) = 1.16Å) [36], evident from the slight shift of the XRD peak 
towards a higher 2θ value, as shown in Figure 2. Calculated lattice 
parameters and unit cell volume of the La1-xBixFeO3 samples are 
listed in Table 2. Crystallites are predominantly oriented along the 
(112) plane in the orthorhombic structures and the (110) plane in the 
hexagonal ones. 

We know that the breadth of the Bragg peak is a combination of 
both instrument and sample-dependent effects [37]. So, we use the 
LaB6 standard for instrumental broadening correction. The corrected 

broadening corresponding to the diffraction peaks of La1-xBixFeO3 
was estimated by using the following Equation (6) [38,39]: 

 

 

Figure 2. Rietveld refinement of experimental XRD pattern of La1-xBixFeO3 
samples (a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6 and (e) x=0.8 refined at 
room temperature.

Table 2. Crystallites sizes D for highest intense peak of La1-xBixFeO3 samples. 
 
Samples (hkl) 2θ (°) FWHM=β (°) Crystallites size (nm) 
LBF0 (112)O 32.2134 0.1650 50 
LBF2 (112)O 32.1828 0.2761 30 
LBF4 (112)O 32.1426 0.2604 32 
LBF6 (112)O 32.1027 0.2819 30 
LBF8 (110)R 31.9341 0.4323 19 
O: Orthorhombic; R: Rhombohedral  
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βhkl= �βmeasured
2  - βinstrument

2 �
1

2�     (6) 
 

The crystallite sizes of the (112) characteristic peak for orthorhombic 
phases and the (110) distinct peak for rhombohedral phase obtained 
from X-ray analysis are presented in Table 2. It can be observed that 
the crystallite sizes (D) of the orthorhombic Bi-substituted LaFeO3 
samples (i.e. LBF2, LBF4 and LBF6) extracted from some reflections 
remained almost constant at about 30 nm, decreasing to 19 nm for LBF8. 

A quantitative analysis of pure and Bi3+-substituted LaFeO3 
nanoparticles was determined using energy dispersive X-ray (EDX) 
spectroscopy by performing spot measurements on powder samples. 
The EDX analysis indicates consistency with the expected stoichiometry 
within the limit of experimental error. The EDX spectrum confirms 
the formation of the desired compounds (Figure 3). 

 

 

Figure 3. EDX spectra with percentage of elements for La1-xBixFeO3 samples 
(a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6, and (e) x=0.8. 

Scanning electron microscopy (SEM) was used to observe the 
surface morphology of the prepared samples. Figure 4 shows that the 
dispersion and morphology have not changed significantly despite 
the doping samples with Bi3+ ions. However, with an increase in the 
concentration of Bi substitution, aggregates form and become bigger. 

Figure 5 shows the FTIR spectra of pure and Bi-substituted 
LaFeO3 in the range 4000 cm‒1 to 450 cm‒1. It is noteworthy that the 
respective ratio spectra are almost similar, differing mainly in peak 
intensity, attributed to variations in molar concentration composition. 
The bands between 700 cm‒1 and 400 cm‒1 were mainly attributed to 
the formation of metal oxides, while the strong absorption band at 
about 536 cm‒1 can be attributed to the (Fe-O) bending vibration being 
characteristics of the octahedral FeO6 groups in La1-xBixFeO3 [40]. 
On the other hand, the bands at 717 cm‒1 might be attributed to the 
bending vibration of the La-O bonds [41]. Furthermore, two close 
bands are observed: the first at 1385 cm‒1, attributed to NO3‒, whereas 
the second at 1485 cm‒1, attributed to N-H. Both bands originate from 
reacted precursor raw materials; they are closely located and exhibit 
weak intensity [42]. 

The La/Fe-O bending vibration modes do not shift toward a higher 
or lower frequency with increasing Bi content up to x=0.6, which 
confirms no deformation of the lattice and, thus, no changes in the 
La/Fe-O bond length, supported by the XRD analysis. 

UV–Visible spectroscopy is employed to characterize the optical 
properties of the LBF nanoparticles. The band gaps of the prepared 
samples were extracted from Tauc's plot. The relation between absorption 
coefficient (α) and incident photon energy (hν) can be determined 
using Tauc’s equation, as shown in Equation (7) [43]: 

 
(αhʋ )2 = A�hʋ −  Eg�                          (7) 

 

 

 

 

Figure 4. SEM micrographs of La1-xBixFeO3 samples (a) x=0, (b) x=0.2, (c) 
x=0.4, (d) x=0.6, and (e) x=0.8. 
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Figure 5. FTIR spectra of La1-xBixFeO3 nanoparticles (a) x=0, (b) x=0.2, (c) 
x=0.4, (d) x=0.6, and (e) x=0.8. 

where α is the optical absorption coefficient, hν is the photon 
energy, Eg is the direct band gap, and A is constant. The extrapolation 
of the linear parts of the curves toward absorption equal to zero gives 
Eg for direct transitions (Figure 6). The estimated direct band gaps of 
pure LaFeO3 is 2.2 eV. However, these values decrease to 1.86 eV, 
1.76 eV, 1.54 eV and 1.35 eV for Bi substitutions of 20%, 40%, 60% 
and 80% respectively (Table 3).  

The presented data unequivocally indicates that all La1-xBixFeO3 
samples (x=0.0, 0.2, 0.4, 0.6, and 0.8) exhibit an energy gap (Eg) 
falling within the range of 1.35 eV to 2.2 eV, classifying them as 
semiconductor materials [44]. 

The Eg decreases continuously as the substitution of Bi increases 
up to 80% (Figure 7). The Fe–O octahedral restructuring of molecular 
orbitals and the length scale of nanoparticles can also reduce the 
value of Eg [45-47]. It may also be due to the direct energy transfer 
between the semiconductor-excited states and the 3d levels of Bi3+ 
ions [48]. Moreover, the very low band gap value of La0.2Bi0.8FeO3 
is interesting for application in photocatalytic [49] and can make its 
structure promising for solar cell applications. 

 
 

 

Figure 6. Plot of ( αhʋ )2 versus hʋ for La1-xBixFeO3 samples (a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6, and (e) x=0.8. 
 
Table 3. Optical band gap energy of La1-xBixFeO3 (x = 0.0,0.2, 0.4, 0.6,0.8) nanoparticles. 
 
Sample LBF0 LBF2 LBF4 LBF6 LBF8 
Eg (eV) 2.2 1.85 1.76 1.54 1.35 
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Figure 7. Band gap energy vs. Bi substituted content of LaFeO3 samples. 
 
4. Conclusions 

 
Nanoparticles of La1-xBixFeO3 (x = 0, 0.2, 0.4, 0.6, 0.8) have been 

prepared by the sol-gel self-ignition method. XRD patterns indicate 
that Bi ions incorporate into La sites in the crystals without changing 
the orthorhombic structure from x=0 up to x=0.6, while the phase 
changes its structure to hexagonal at x=0.8. The unit cell volume of 
the La1-xBixFeO3 orthorhombic structure remains constant within 
the range of the error standard deviation (e.s.d.) with increasing Bi 
concentration. This result is due to the very close radius of the Bi3+ ion 
(r(Bi3+)= 1.17Å) compared to the La3+ ion (r(La3+)=1.16Å). The 
crystallite sizes (D) vary between 19 nm and 50 nm, remaining almost 
constant at about 30 nm for the orthorhombic Bi-substituted LaFeO3 
samples (x = 0.2, 0.4, 0.6). No secondary phases were observed in 
both pure and Bi-substituted samples, indicating the homogenous 
substitution of Bi ions into the LaFeO3 lattice structure. EDX analysis 
confirmed the quantitative incorporation of Bismuth into the host 
lattice. SEM micrographs revealed that the morphology of the pure 
LaFeO3 consists loosely dispersed clusters of tiny particles, whereas 
the Bi-substituted material displayed larger aggregates breaking up 
into small clusters with increased Bi concentration. FTIR analysis 
confirms the formation of LaFeO3 and Bi-substituted LaFeO3 samples. 
The band gap energy (Eg) values decrease from 2.2 to 1.85, 1.76, 1.44, 
and 1.35 eV, with increasing Bi-substituted from 0% to 20%, 40%, 
60%, and 80% respectively. This decrease may be attributed to the 
direct energy transfer between the semiconductor-excited states and 
the 3d levels of Bi3+ ions. These findings suggest La0.8Bi0.2FeO3 as 
a competitive candidate for use as an electron transport material in 
inorganic perovskite solar cells. 
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