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Abstract
In this work,  Bi1−xSmxFeO3 (x = 0.1, 0.08, 0.06, 0.04, 0.02) and  Bi0.094  Sm0.06  Fe1−y 
 NiyO3 nanoparticles (y = 0.05, 0.03, 0.01) were synthesized by sol–gel method. The 
structural, microstructural, magnetic, and optical properties of  Bi1−xSmxFe1−yNiyO3 
nanoparticles were characterized by using X-ray diffraction, field-emission scan-
ning electron microscopy, the energy-dispersive X-ray analysis, vibrating sample 
magnetometry and UV–Vis reflectance spectra at room temperature. The structural 
investigations indicate that the unit cell volume decreases with Sm ion doping, while 
it increases with substituting Ni ions in the  Bi1−xSmxFe1−yNiyO3 nanoparticles. 
Moreover, the magnetic properties were enhanced by doping Sm and Ni ions. The 
photocatalytic activities of  Bi1−xSmxFe1−yNiyO3 nanoparticles were investigated to 
degrade methyl red (M.R.) in an aqueous solution. For this purpose, the M.R. degra-
dation with the synthesized photocatalysis was evaluated at room temperature under 
dark and visible light exposure using a mercury lamp (150 W). The results indicated 
that the highest photodegradation of M.R. is obtained using  Bi0.94Sm0.06Ni0.03Fe0.97 
nanoparticles as a photocatalyst in the presence of hydrogen peroxide in an acidic 
media (pH 3). Besides, the photocatalytic activity of  Bi1-xSmxFe1-yNiyO3 (x = 0.06, 
and y = 0.01, 0.03, 0.05) is higher than that of  Bi1−xSmxFeO3 (x = 0.0, 0.02, 0.04, 
0.06, 0.08) nanoparticles for the photodegradation of MR. Besides, the Sm and Ni 
co-doped BFO nanoparticles have a greater magnetic property than the Sm-doped 
BFO nanoparticles, leading to a simple and fast separation of catalyst using a strong 
magnet after the M.R. degradation. Under the optimum conditions, the M.R. degra-
dation efficiencies under visible-light illumination for 60 and 100 min were 97.34 
and 85.76% for  Bi0.94Sm0.06Ni0.03Fe0.97 and  Bi094Sm0.06FeO3 nanoparticles at pH 3.0.
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Introduction

Today, a wide variety of industrial products are produced with the expansion of 
various industries to create human comfort. Many of these products are led to 
environmental pollution by an uncontrolled discharge of non-usable textiles, reac-
tants, and reagents into the environment [1, 2]. This problem becomes acute when 
these pollutants are non-biodegradable and accumulate in the environment [3, 
4]. These pollutants eventually enter the human and animal bodies through food 
chains and cause many human and animal health [5–7].

Photocatalytic processes are widely applied to degrade non-biodegradable pol-
lutants[8, 9]. The advantages of the procedure include simplicity and low-cost 
operation, no production of secondary pollutants, and performing the process at 
ambient pressure and temperature[10]. It can also be utilized for large-scale prac-
tical applications [11]. Various methods were applied to enhance the photocata-
lytic efficiency of a photocatalyst toward pollutant degradation, including select-
ing a suitable photocatalyst, doping with various materials, preparing composites 
by mixing suitable semiconductors with proper morphology and crystallography 
phase, and modifing the photocatalyst surface with appropriate functional groups 
[12]. Among them, doping with a suitable nanoparticle, metal ion, nanocompos-
ite, etc., significantly impacts the efficiency of the photocatalytic process, which 
is a critical method to improve the photocatalytic properties of semiconductors 
[13–17].

Bismuth ferrite (BFO) is a multiferroic compound with simultaneous ferro-
magnetic and ferroelectric properties used to manufacture spintronics, sensors, 
piezoelectric devices, memory, and photovoltaics [11, 18]. BFO has shown suit-
able photocatalytic properties under visible light for the degradation of organic 
material because of the narrow and low band-gap energy of 2.2  eV [18–22]. 
Besides, BFO as a photocatalyst can be quickly and easily separated from the 
sample solution in the presence of a strong magnet[23]. Other advantages of BFO 
as a photocatalyst are simple synthesis and modification, cheapness, and chemi-
cal and thermal stability. However, the photocatalytic activity of BFO is limited 
due to the high rate of electrons and holes combination, the narrow range of the 
photoresponse, and the low conduction band level[24–26]. A straightforward 
and effective way to overcome this limitation is to dope the appropriate metals 
into the BFO network, enhancing the absorptivity of visible light and the separa-
tion properties of charge carriers with an increase in surface area photocatalyst 
through heterojunction formation [11]. Recently, there has been a strong tendency 
to simultaneously dope two metals into the BFO structure, which leads to a fur-
ther modification in the photocatalyst activity than BFO doping with a metal [10]. 
For example, using two metals (Ni and Nd) doped in BFO increased the trans-
fer rate of the generated electron in the BFO network. It significantly prevented 
the recombination of the electron and the hole produced in the BFO structure 
[27, 28]. Similarly, an increase in photocatalytic activity with co-doped  (La3+ and 
 Se4+) in BFO is due to increased absorption efficiency of light, proper separation 
of photogenerated charge carriers, and a decrease in the recombination rate of the 
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hole–electron pairs [29]. However, the type and percentage of dopants selected in 
the preparation of photocatalyst based on co-doped BFO are very effective in its 
activity.

In the study, two BFO derivatives including In this work,  Bi1−xSmxFeO3 
(x = 0.1, 0.08, 0.06, 0.04, 0.02) and  Bi0.094  Sm0.06  Fe1−y  NiyO3 nanoparticles 
(y = 0.05,0.03,0.01) were synthesized by sol–gel method. The ability of these nano-
particles as photocatalysts in the methyl red degradation process was investigated 
and compared. Various methods characterize the structural, morphology, and mag-
netic properties of these nanoparticles. The photocatalytic activities of Sm-doped 
BFO and Sm and Ni co-doped BFO for the degradation of methyl red in an aqueous 
solution were evaluated under dark and visible light conditions at room temperature. 
The advantages of the synthesis photocatalysis (Sm and Ni co-doped BFO nanopar-
ticles and Sm-doped BFO nanoparticles) for the M.R. degradation include straight-
forward preparation, low cost, high degradation efficiency, and suitable degradation 
time under visible light.

Experimental

Reagents and materials

All materials used to synthesize the photocatalyst, including bismuth (III) nitrate 
pentahydrate, iron (III) nitrate nonahydrate, samarium (III) nitrate hexahydrate, 
and nickel (II) nitrate hexahydrate, nitric acid, tartaric acid, ammonium hydroxide 
(28%), were purchased from Merck (Germany). Methyl red (M.R.) with an analyti-
cal grade was obtained from Sigma Aldrich (USA).

Instruments

A UV–visible spectrophotometer (Varian Cary Bio 50 model) was used to deter-
mine the M.R. concentration in the aqueous solution. The morphology and structure 
of  BiFeO3 (BFO),  Bi1−xSmx  FeO3, and  Bi1−xSmx  Fe1−yNiyO3 as a photocatalyst were 
investigated using X-ray diffraction spectroscopy (XRD; Bruker D8 ADVANCE, 
Germany), the field-emission scanning electron microscopy (FE-SEM; Mira 3 Tes-
can; Czech Republic), and vibration sample magnetometry (VSM; analysis under 
applied magnetic fields up to 20 kOe at 300 K). A mercury lamp (150 W) was uti-
lized to study the photocatalytic activity of  BiFeO3 (BFO),  Bi1−xSmx  FeO3, and 
 B(1−xSmx  Fe1−yNiyO3 for the M.R. degradation under visible light at a distance of 
about 5  cm from the M.R. aqueous solution. A Metrohm pH meter (model 780, 
Switzerland) was applied to adjust the pH of the M.R. aqueous solution.

Photocatalyst preparation

The nanoparticles of  BiFeO3 (BFO),  Bi(1−x)SmxFeO3 (x = 0.1, 0.08, 0.06, 0.04, 0.02) 
and  Bi0.094  Sm0.06  Fe1−y  NiyO3 nanoparticles (y = 0.05,0.03,0.01) as a photocatalyst 
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were prepared according to the sol–gel technique. The photocatalyst was synthesized 
using a reported paper with a little modification [45]. For this purpose, an appropri-
ate amount of bismuth nitrate, iron(III) nitrate, samarium(III) nitrate, and nickel(II) 
nitrate was poured into a solution containing 1.0 mL of nitric acid and 20.0 mL of 
distilled water. The mixture was stirred at 500 rpm for 1 h at 60 °C to dissolve all 
compounds, followed by tartaric acid completely. The mixture was stirred at room 
temperature for 2 h, and a milky color suspension was formed. While the suspen-
sion was continuously stirred, an aqueous ammonia solution (20% or 2 mol  L−1) was 
added dropwise to the suspension until its pH reached about 3. The suspension was 
stirred for 9 h with an initial temperature of 80 °C, which increased to 200 °C at 
a rate of 1  °C   min−1 and remained constant at the temperature. The mixture was 
finally calcined in a digital furnace at temperatures of 400 °C for 6 h and 600 °C for 
5 h.

Photodegradation procedure

A homemade photocatalytic reactor was fabricated with dimensions of 75 × 50 × 40 
 Cm3, including two fans to control its temperature, a Hg vapor lamp, and a mag-
netic stirrer to perform the M.R. degradation under visible light irradiation. For 
this purpose, 185.0  mL of M.R. aqueous solution (2.9  mg   L−1) was poured into 
a proper beaker, and its pH was adjusted to 3.1 using hydrochloric acid solution 
(0.1 mol  L−1). Then, catalyst (98 mg), and  H2O2 solution (0.58 mL), were added to 
the resulting solution. The resulting suspension was diluted to 200.0 ml with dis-
tilled water. The suspension was transferred into the photocatalytic reactor. The sus-
pension was stirred at 600 rpm for 5.0 h at room temperature in the dark to achieve 
an adsorption–desorption equilibrium. The suspension was exposed for a suitable 
time, and sampling was carried out using a pipette every 10 min, followed by centri-
fuging for 10 min at 5000 pm. The mixture was filtered, and the solution was deter-
mined by the spectrophotometric method at 521.9 nm. The degradation efficiency of 
M.R. (E%) was calculated by the following equation[12]:

Ct and  Co are the M.R. concentration at irradiation time (t > 0) and initial M.R. con-
centration (t = 0).

Results and discussion

Nanoparticles characterization

The XRD patterns of  Bi1−xSmxFe1−yNiyO3 nanoparticles are presented in Fig. 1(a, 
b). By using X’pert software, the XRD patterns of studied samples were compared 
with the standard diffraction data (JCPDS file No. 01-07-2494) of the  BiFeO3 sam-
ple. It is observed that all samples have the rhombohedral structure with a space 
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Fig. 1  X-ray diffraction pat-
terns of a  Bi1−xSmxFeO3 b 
 Bi0.94Sm0.06Fe1−yNiyO3 nano-
particles c Magnified pattern 
of main peak in  Bi1−xSmxFeO3 
nanoparticles
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group of R3c. A small amount of  Bi2Fe4O9 and  Bi2O3 impurity phases correspond-
ing to the JCPDS file numbers (01-072-1832) and (01-074-1374) are observed in 
the XRD pattern of our samples that were displayed with symbols (*) and (#). It 
is clear that the amount of impurity phases decreases with increasing Sm content, 
but these gradually increase with increasing Ni content, again. This effect was also 
observed in the literature [30]. On the other hand, the doublet peaks in the XRD 
patterns merge gradually to one peak with increasing Sm concentration. This effect 
indicates that distortion occurs in the rhombohedral structure because of the differ-
ence in radii ionic between  Bi3+ and  Sm3+ ions. However, because of the small dif-
ference between the radii ionic of  Fe3+ and  Ni3+ ions, Ni substitution does not mod-
ify the XRD pattern of  Bi0.94Sm0.06Fe1-yNiyO3 nanoparticles significantly. Moreover, 
Fig.  1c indicates the magnified major peaks of the XRD patterns. It is clear that 
the peaks shifted slightly toward higher angles with increasing  Sm3+ concentration. 
Thus, based on Bragg’s law, the lattice parameters decrease. Hence, the lattice con-
stants (a, b, and c) and unit cell volume (V) of  Bi1−xSmxFe1−yNiyO3 nanoparticles 
were calculated using the Fullprof software. Fig. S1 illustrates the Rietveld refine-
ment of the XRD pattern for the studied samples. Their results are listed in Table 1. 
The results indicate that unit cell volume decrease with Sm substitution. This occur-
rence can be attributed to the replacement of  Bi3+ ion with radii ionic of 1.03  Å 
by  Sm3+ ion with radii ionic of 0.958 Å [31, 32]. This result agrees with the previ-
ous report [33]. In contrast, the unit cell volume increase with Ni substituting in 
 Bi0.94Sm0.06Fe1−yNiyO3 nanoparticles. This irregular effect may be ascribed to sub-
stituting  Fe3+ ion with radii ionic of 0.645 Å in the photocatalyst composite by low 
valance Ni ion  (Ni2+) with radii ionic of 0.69 Å [34].

The FE-SEM images of  Bi1−xSmxFe1−yNiyO3 nanoparticles are presented in Fig. 
S2. By comparing the insets of Fig. S2, the size particle distribution histograms, 
can be concluded that particle size decrease gradually with Sm doping. Moreover, 
the shape of  Bi1−xSmxFe1O3 particles does not modify with Sm substitution. On 
the other hand, the effect of Ni substitution in the  Bi0.94Sm0.06FeO3 sample is more 
effective on particle size, as shown in insets of Fig. S2. Furthermore, the porosity of 
samples increases with  Fe3+ ion substitution with  Ni2+ ion.

The energy-dispersive X-ray spectroscopy spectra of  Bi1−xSmxFe1−yNiyO3 
nanoparticles are presented in Fig. S3. The patterns of  Bi1−xSmxFe1−yNiyO3 

Table 1  Lattice parameters 
and unit cell volume of 
 Bi1−xSmxFe1−yNiyO3 
nanoparticles

Sample a = b (Å) c (Å) V (Å)3

BiFeO3 5.577(2) 13.866(1) 373.5(2)
Bi0.98Sm0.02FeO3 5.575(4) 13.856(3) 373.0(1)
Bi0.96Sm0.04FeO3 5.576(1) 13.844(0) 372.7(8)
Bi0.94Sm0.06FeO3 5.574(7) 13.833(8) 372.3(2)
Bi0.92Sm0.08FeO3 5.570(4) 13.822(4) 371.4(4)
Bi0.94Sm0.06Fe0.99Ni0.01O3 5.577(4) 13.828(3) 372.5(4)
Bi0.94Sm0.06Fe0.97Ni0.03O3 5.577(4) 13.833(2) 372.6(7)
Bi0.94Sm0.06Fe0.95Ni0.05O3 5.579 (1) 13.833(2) 372.8(9)
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nanoparticles (y = 0.0) were composited of four elements, including Bi, Sm, 
Fe, and O, without the presence of any other elements in the obtained pattern. 
The peak intensity of Bi in BFO was reduced with doping Sm in the BFO com-
posite, confirming that Bi ions in BFO were successfully substituted with Sm 
ions. Also, five elements, Bi, Fe, Sm, Ni, and O, are observed in the pattern 
of  Bi0.94Sm0.06  Fe1−yNiyO3 nanoparticles, which indicates any other peaks of 
elements are not present in the obtained pattern of these nanoparticles. Simi-
larly, a decrease in the peak intensity of Fe ions in BFO was observed by sub-
stituting them with Ni ions. The results indicated the successful synthesis of 
 Bi1−xSmxFe1−yNiyO3 nanoparticles with a high purity without other elements in 
the structure of these nanoparticles.

The magnetic hysteresis loop (M–H) of  Bi1−xSmxFe1−yNiyO3 nanoparticles at 
room temperature (R.T.) was observed in Fig. 2. It is clear that BFO indicates an 
antiferromagnetic behavior with not any hysteresis loop. However, with doping Sm 
in BFO, the  Bi1−xSmxFeO3 nanoparticles exhibit a weak ferromagnetic feature. It is 
known that the magnetic behaviour of  BiFeO3 is due to two components. The first 
one consists of a short-range order due to the sublattice of  Fe3+ ions. The second 
one includes a long-range order that has the spiral spin structure with a long wave-
length of λ = 62 nm[35]. Therefore, a suppression occurs in the spiral cycloid spin 
structure via modifying short-range order due to structural distortion by Sm substi-
tution. As a result, the remnant magnetization  (Mr) and coercive field  (H.C.) increase 
with Sm concentration, as shown in Table 2. On the other hand, the effect of Ni sub-
stitution on the magnetic behaviour of the  Bi0.94Sm0.06FeO3 sample is different com-
pared to that of Sm substitution in BFO. While  Mr enhances with increasing Ni dop-
ing, but  H.C. decline with them. As mentioned in the structural part, because the Ni 
ionic radii is almost similar to that of Fe, the change in magnetic behavior because 
of lattice distortion is weakened. Therefore, two scenarios are possible for modify-
ing the magnetic behaviour of the  Bi0.94Sm0.06Fe1−yNiyO3 sample. (i) Difference of 
magnetic moment between Fe ion and Ni ion; With substituting Ni ion for Fe ion, 
there is a non-zero contribution in magnetization because of the imbalance of the 
magnetic moment of Fe (5 μB) and Ni (2 μB) in B site. However, this factor is not 
very dominant due to the low-level Ni ion doping. (ii) Size effect; When the average 
particle size is less than 62 nm, this factor plays an important role in the magnetic 
behavior of studied samples. The microstructural result of  Bi1-xSmxFe1−yNiyO3 nan-
oparticles indicates that the particle size decrease more with Ni doping so that it is 
clear, particularly in the sample with y = 0.05. Therefore, we expect that  Mr increase 
and  H.C. decrease with decreasing particle size. These results were supported by pre-
vious reports [36, 37].

In order to investigate the optical properties of  Bi1-xSmxFe1-yNiyO3 nanoparti-
cles at RT, the UV–Vis diffuse reflectance spectra were carried out in 100–1200 nm 
wavelength. Fig. S4 shows the changes of [F(R)hν]2 versus hν (photon energy) for 
 Bi1−xSmxFe1−yNiyO3 nanoparticles. The adsorption [F(R)] spectra of all samples 
were calculated using Kabelka–Munk (K–M) equation [38]. The direct band gap 
of  Bi1−xSmxFe1−yNiyO3 nanoparticles was determined using plotted curves in Fig. 
S4. The band gap of  Bi1−xSmxFeO3 nanoparticles (x = 0.0, 0.02, 0.04, 0.06, 0.08) 
were deduced about 2.14, 2.12, 2.12, 2.06, and 2.14 eV. The decrease of band gap 
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with Sm doping is agreed with a previous report [39]. Besides, the band gaps of 
 Bi0.94Sm0.06Fe1−yNiyO3 nanoparticles decrease with Ni substituting up to y = 0.03 
and increase afterwords (Table S1).

Fig. 2  Magnetic hysteresis loop of Magnetic parameters of the prepared photocatalyst 
 (Bi1−xSmxFe1−yNiyO3 nanoparticles) at room temperature
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Optimization of photodegradation procedure

A central composite design with a random order, including 30 runs, was provided to 
optimize four factors that affected the M.R. photodegradation. The factors run and 
degradation efficiencies (E%) are presented in Table 3. In the procedure, BFO was 
selected as a catalyst for 120 min underexposure with a U.V. lamp. Each run was 
repeated three times under the same condition, and the average of the results was 
used to calculate E% based on Eq. 1. The obtained E% was evaluated using variance 
analysis (ANOVA) at a confidence interval of 95% (Table 4) [40, 41]. The p-value 
is a suitable parameter in the ANOVA table to investigate the significance of factors 
or interactions[42, 43]. Therefore, all factors significantly affect the M.R. degrada-
tion due to a p-value lower than 0.05 at 95% of the confidence interval. Besides, the 
p-value of interaction between the M.R. concentration and catalyst amount is equal 
to 0.9454, indicating this interaction has a non-significant effect on the Mr degra-
dation. Other binary interactions are meaningful parameters with a p-value lower 
than 0.05. The model presented using the design is significant because the p-value 
of the model is lower than 0.05, while the p-value of lack of fit is equal to 0.7951. 
Hence, the parameter is non-significant. A quadratic equation was usually developed 
to describe the proposed model. This equation shows the relationship between E% 
with factors and interactions. The resulting equation is as follows:

The equation’s adjusted coefficient of determination (adjusted  R2) and determina-
tion coefficient  (R2) are 0.9250 and 0.9625, indicating that the equation fitted with 
the results well. Besides, an adequately predicted coefficient of determination (pre-
dicted  R2) of 0.8499 showed that E% could be well predicted using the equation for 
future investigation. The pH of samples (B) is a critical factor with a negative effect 
on E% due to a high and negative coefficient, indicating that the M.R. degradation is 
performed more effectively under acid conditions. This may be due to the better and 
faster decomposition of  H2O2 in acidic media to form free radicals. The next crucial 

(2)

E% = 33.526 + 5.41833 ∗ A − 7.515 ∗ B + 5.05833 ∗ C + 5.89833

∗ D − 3.2225 ∗ AB + 0.0625 ∗ AC + 2.4125 ∗ AD + 3.0125

∗ BC − 1.9375 ∗ BD + 5.8775 ∗ CD − 1.22692 ∗ A
2
+ 0.0230833

∗ B
2
− 1.22692 ∗ C

2
− 1.22692 ∗ D

2

Table 2  Magnetic parameters 
of  Bi1−xSmxFe1−yNiyO3 
nanoparticles at R.T

Sample Mr(emu/gr) Hc(Oe) MS(emu/gr)

BiFeO3 0.00 0.0 0.120
Bi0.98Sm0.02FeO3 0.005 100 0.140
Bi0.96Sm0.04FeO3 0.015 286 0.180
Bi0.94Sm0.06FeO3 0.015 519 0.170
Bi0.94Sm0.06Fe0.99Ni0.01O3 0.025 150 0.260
Bi0.94Sm0.06Fe0.97Ni0.03O3 0.150 110 0.820
Bi0.94Sm0.06Fe0.95Ni0.05O3 0.260 92 1.510
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factor is the  H2O2 volume (D), which has a significant coefficient in the equation 
and positively affects the M.R. degradation. Also, the interaction between catalyst 
amount and  H2O2 volume (CD) has the highest significant and positive effect on E%. 
The surface plot of this interaction (CD) is presented in Fig. S5, showing that E% 
was increased with a simultaneous increase in catalyst amount and  H2O2 volume. 
The adsorption of light was increased with increasing the catalyst amount, leading 

Table 3  Central composite design for optimizing the M.R. photodegradation

Factor Name Unite Low level High level Low amount High amount

A MR concentration mg  L−1 − 1.0000 1.0000 1.0 3.0
B pH – − 1.0000 1.0000 3.0 6.0
C Catalyst amount mg − 1.0000 1.0000 50 100
D H2O2 volume mL − 1.0000 1.0000 0.2 0.6

Std run Run A B C D E%

22 1 0 0 2 0 40.86
27 2 0 0 0 0 28.16
21 3 0 0 − 2 0 15.46
16 4 1 1 1 1 45.6
24 5 0 0 0 2 42.54
26 6 0 0 0 0 28.16
17 7 − 2 0 0 0 17.24
2 8 1 − 1 − 1 − 1 39.42
19 9 0 − 2 0 0 47.44
3 10 − 1 1 − 1 − 1 20.02
23 11 0 0 0 − 2 13.78
6 12 1 − 1 1 − 1 34.34
13 13 − 1 − 1 1 1 39.36
20 14 0 2 0 0 18.88
10 15 1 −  − 1 1 50.62
5 16 − 1 − 1 1 − 1 21.8
18 17 2 0 0 0 39.08
25 18 0 0 0 0 28.16
11 19 − 1 1 − 1 1 5.82
12 20 1 1 − 1 1 15.12
9 21 − 1 − 1 − 1 1 28.68
4 22 1 1 − 1 − 1 18.92
14 23 1 − 1 1 1 61.3
15 24 − 1 1 1 1 36.3
29 25 0 0 0 0 28.16
8 26 1 1 1 − 1 18.64
7 27 − 1 1 1 − 1 18.74
28 28 0 0 0 0 28.16
1 29 − 1 − 1 − 1 − 1 26.88
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to an increase in the formation of electron–hole pairs and free radicals. Also, the 
M.R. photodegradation was significantly increased by an increase in  H2O2 volume 
due to an increase in the formation of *O.H. radicals in the surface of BFO or doped 
BFO based on the following equation [44, 45]:

This process reduces the recombination time of the electron–hole pairs and 
increases the M.R. degradation efficiency. The optimization of all factors was inves-
tigated based on the proposed model and equation. For this purpose, a maximum 
amount of E% was selected to determine the optimum amount of factors. The opti-
mum value of M.R. concentration, pH, catalyst amount, and  H2O2 volume was 
2.9 mg  L−1, 3.1, 98 mg, and 0.58 mol  L−1 (Fig. S6).

(3)BFO + h� → h
+
+ e

−

(4)H
2
O

2
+ e

−

CB
→ OH

−
+
∗
OH

(5)H
2
O

2
+ O

−

2
→ OH

−
+
∗
OH + O

2

Table 4  Analysis of variance for optimizing the M.R. photodegradation

Source Sum of Squares df Mean Square F-value p-value Significant

Model 4619.24 14 329.95 25.66  < 0.0001 +
A-MR concentration 704.60 1 704.60 54.80  < 0.0001 +
B-pH 1355.41 1 1355.41 105.42  < 0.0001 +
C-catalyst amount 614.08 1 614.08 47.76  < 0.0001 +
D-H2O2 volume 834.97 1 834.97 64.94  < 0.0001 +
AB 166.15 1 166.15 12.92 0.0029 +
AC 0.0625 1 0.0625 0.0049 0.9454 −
AD 93.12 1 93.12 7.24 0.0176 +
BC 145.20 1 145.20 11.29 0.0047 +
BD 60.06 1 60.06 4.67 0.0485 +
CD 552.72 1 552.72 42.99  < 0.0001 +
A2 39.06 1 39.06 3.04 0.1033 −
B2 0.0138 1 0.0138 0.0011 0.9743 −
C2 39.06 1 39.06 3.04 0.1033 −
D2 39.06 1 39.06 3.04 0.1033 −
Residual 180.00 14 12.86
Lack of fit 104.58 10 10.46 0.5547 0.7951 −
Pure error 75.42 4 18.85
Cor total 4799.24 28
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Photocatalytic activity study

Methyl red (M.R.) was selected as a typical dye to investigate the photocatalytic 
activity of the  Bi0.94Sm0.06  Fe0.97Ni0.03O3 nanoparticles than the  Bi0.94Sm0.06FeO3 
nanoparticles in an aqueous solution of M.R. under visible-light irradiation at 
room temperature. In the study, the M.R. concentration and the photocatalyst 
amount were 2.9 mg  L−1and 98 mg at a pH of 3.1y (Sect. 2.4). The suspension of 
M.R. and photocatalyst (200.0 mL) was kept in the dark and stirred at 600 rpm 
for 5.0 h at room temperature to achieve an adsorption–desorption equilibrium. 
The suspension was exposed to visible light with a wavelength range between 350 
and 700 nm at intervals of 0–100 min for the  Bi0.94Sm0.06FeO3 nanoparticles and 
0–60 min for the  Bi0.94Sm0.06  Fe0.97Ni0.03O3 nanoparticles under magnetic stirring 
at room temperature. A distance of about 5 cm between the M.R. solution and the 
lamp was used for the light exposure. Then, the photocatalyst was separated from 
the suspension using a neodymium magnet. The degradation of M.R. was inves-
tigated by measuring the absorbance of the M.R. aqueous solution after separat-
ing the photocatalyst using a UV–visible spectrophotometer at a wavelength of 
526.0 nm (Fig. S7). For this purpose, the absorption peak intensity of M.R. was 
compared with its initial intensity  (Ct/C.O.).

The photocatalytic activity of the  Bi1−x  Smx  FeO3 and the  Bi0.094  Sm0.06  Fe1−y 
 NiyO3 nanoparticles is presented in Fig. S8. According to Fig. S8, the degrada-
tion efficiency of M.R. is negligible without increasing the photocatalyst, indicat-
ing that  H2O2 has a non-significant effect on the degradation of M.R. In contrast, 
it increases dramatically in the presence of BFO as a photocatalyst. Besides, the 
photocatalytic activity of the  Bi1−x  Smx  FeO3 nanoparticles increased by increas-
ing the amount of Sm in the BFO nanoparticles. The MR degradations of 47.89, 
63.21, 69.84, 85.76, and 78.51 were obtained for x = 0.00, 0.02, 0.04, 0.06 and 
0.08 in the  Bi1−x  Smx  FeO3 nanoparticles for 100 min. Therefore, the highest deg-
radation of M.R. was determined using the  Bi0.094Sm0.06FeO3 nanoparticles as a 
photocatalyst. Then, the effects of changing the Ni amount on the structure of 
the  Bi0.094  Sm0.06  Fe1−y  NiyO3 nanoparticles were evaluated as photocatalysts for 
the M.R. degradation (Fig. S8b). The results indicated that the M.R. degrada-
tions of 61.64, 80.24, 97.34, and 84.44% were obtained for y = 0.00, 0.01, 0.03, 
0.05 in the  Bi0.094  Sm0.06  Fe1-y  NiyO3 nanoparticles for 60 min. According to Fig. 
S8 b, the M.R. degradation was increased with increasing  Ni2+ ion up to 0.03% 
and decreasing afterward. Because  Sm3+ and  Ni2+ ions can act as good electron 
acceptor species in the BFO structure, forming trapping sites, possibly leading 
to easy separation of the formed electron–hole pairs and prolonging the charge 
carrier lifetime[46, 47]. Excessive amounts of  Sm3+ and  Ni2+ dopants can form 
the recombination centers in the BFO lattice; as a result, the photoactivity of the 
prepared nanoparticles is reduced [47]. Therefore, the highest M.R. degradation 
of 97.34% was observed for the  Bi0.94  Sm0.06  Fe0.097  Ni0.03O3 nanoparticles as a 
photocatalyst at a time of about 60  min. The energy gaps of BFO,  Bi1−x  Smx 
 FeO3, and  Bi0.96Sm0.06  Fe1−yNiyO3 were studied to investigate the photocatalytic 
activity of these nanoparticles (Table S1 and Fig. S4). The energy gap for BFO 
was 2.14 eV, which decreased with increasing Sm (III) ions up to 0.06 as a dopant 
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to 2.06 eV and increased afterward. Therefore, the highest photocatalytic activity 
was obtained for  Bi0.94  Sm0.06  FeO3 with the lowest energy band gap. Besides, 
investigation of energy gaps of  Bi0.96Sm0.06  Fe(1−y)NiyO3 indicated that a reduc-
tion in the energy gaps was displayed with increasing Ni(II) ions as co-dopant in 
up to 0.03  Bi0.94  Sm0.06  FeO3. Then, the energy gaps were increased for higher 
amounts of Ni (II) ions (Fig. S4). These results confirm that BFO photocatalytic 
activity to degrade M.R. increases dramatically with increasing  Sm3+ and  Ni2+ 
ions in its structure and decreases the M.R. degradation time.

The kinetics of the M.R. photodegradation in the presence of the  Bi1−x  Smx  FeO3 
and  Bi0.094  Sm0.06  Fe1−y  NiyO3 nanoparticles were investigated using the Lang-
muir–Hinshelwood model through the determination of the pseudo-first-order rate 
constant for the M.R. photodegradation. For this purpose, the pseudo-first-order rate 
constant for the M.R. photodegradation was determined based on the following non-
linear equation[48, 49]:

where A, and k are the absorbance of M.R. in irradiation time of t, and the pseudo-
first-order rate constant,. X and E are the amplitude and the endpoint of the photo-
degradation process. The photodegradation rate constant (k) for a period of 100 min 
in presence of the  Bi1-x  Smx  FeO3 were 0.00643, 0.0103, 0.0115, 0.0199, and 0.0118 
 Cm−1 for x = 0.00, 0.02, 0.04, 0.06, and 0.08 at pH 3.0. Besides, the K values of 
the  Bi0.094  Sm0.06  Fe1-y  NiyO3 nanoparticles as a photocatalysts for a period of 
60 min were 0.0173, 0.0287, 0.0604, 0.0324  Cm−1 for y = 0.0, 0.01, 0.03, and 0.05 
(Table 5). The results showed that the M.R. degradation reaction rate increases sig-
nificantly with the Sm and Ni dopants in the BFO lattice structure.

Conclusion

In this research, two BFO derivatives including,  Bi(1−x)SmxFeO3 (x = 0.1, 0.08, 0.06, 
0.04, 0.02) and  Bi0.094  Sm0.06  Fe1−y  NiyO3 nanoparticles (y = 0.05, 0.03, 0.01) were 
synthesized by sol–gel method and their application as photocatalyst for methyl red 

(6)A = Xe
−kt

+ E

Table 5  The kinetic study of M.R. photodegradation with the prepared nanoparticles

Nanoparticles Time (min) K1 ± S X ± S E ± S R2

BiFeO3 100 0.00649 ± 0.004 1.853 ± 0.729 − 0.844 ± 0.749 0.985
Bi0.98Sm0.02FeO3 100 0.0103 ± 0.003 1.325 ± 0.260 − 0.333 ± 0.276 0.986
Bi0.96Sm0.04FeO3 100 0.0115 ± 0.004 1.279 ± 0.225 − 0.279 ± 0.241 0.985
Bi0.94Sm0.06FeO3 100 0.0199 ± 0.003 1.020 ± 0.054 − 0.0211 ± 0.0583 0.993
Bi0.92Sm0.08FeO3 100 0.0118 ± 0.003 1.271 ± 0.17 − 0.264 ± 0.183 0.990
Bi0.94Sm0.06FeO3 60 0.0173 ± 0.004 1.288 ± 0.174 − 0.257 ± 0.187 0.990
Bi0.94Sm0.06Fe0.99Ni0.01O3 60 0.0288 ± 0.002 1.047 ± 0.032 − 0.050 ± 0.035 0.997
Bi0.94Sm0.06Fe0.97Ni0.03O3 60 0.0603 ± 0.002 0.895 ± 0.014 0.105 ± 0.010 0.998
Bi0.94Sm0.06Fe0.95Ni0.05O3 60 0.0324 ± 0.005 0.968 ± 0.060 0.0045 ± 0.064 0.987
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degradation were investigated. The study of the photocatalytic activities of Sm-
doped BFO and Sm and Ni co-doped BFO for the M.R. degradation was performed 
under dark and visible light in hydrogen peroxide in an acidic media (pH 3.0). The 
photocatalytic activity of Sm and Ni co-doped BFO nanoparticles is higher than the 
Sm-doped BFO nanoparticles, showing the energy band-gap of the Sm and Ni co-
doped BFO nanoparticles is lower than the Sm-doped BFO nanoparticles. Besides, 
the M.R. degradation time in the presence of  Bi0.94Sm0.06Ni0.03Fe0.97 nanoparti-
cles (about 60 min) is dramatically less than  Bi094Sm0.06FeO3 nanoparticles (about 
100 min). The greater magnetic property of the Sm and Ni co-doped BFO nanopar-
ticles compared to the Sm-doped BFO nanoparticles leads to a simple photocatalytic 
separation using a strong magnet after the M.R. degradation and removal of the cen-
trifuge step. Under the optimum conditions, The MR degradation efficiencies under 
visible-light illumination for 60 and 105 min at pH 3.0 were 97.34 and 85.76% for 
 Bi0.94Sm0.06Ni0.03Fe0.97 and  Bi094Sm0.06FeO3 nanoparticles.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11144- 022- 02281-z.
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