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Abstract 
Bismuth and cobalt co-doped perovskite-type nanomaterials with the composition Nd0.5Bi0.2(Co0.3Mn0.1)FeO3-δ were syn-
thesized by using the citric acid sol-gel route and annealed at annealing temperatures (TA) of 400, 750 and 900°C to pro-
duce powders labelled NdCo400, NdCo750 and NdCo900 respectively.  The powders obtained were characterized using 
Powder X-ray diffraction (PXRD) analysis, transmission electron microscopy (TEM), Fourier transform infrared spectros-
copy (FTIR), Braunuer-Emmet-Teller (BET) Method, vibrating sample magnetometer, (VSM) and photoluminescence 
spectroscopy (PL). The powder X-ray diffraction (PXRD) analysis of the powders showed that they contain highly crystal-
line orthorhombic perovskite-type nanoparticles whose crystallinity increased with higher annealing temperature. The lat-
tice parameters, after refinement for NdCo900, showed that the parameters a, b and c have values 5.939, 5.488 and 7.740 
Å respectively. The TEM results showed cubic crystallites with average crystalline size within the range of 17-30 nm for 
both NdCo750 and NdCo900 respectively. The BET specific surface areas obtained was 12.46 and 5.92 m2 g-1 for 
NdCo750 and NdCo900. Room temperature VSM analysis showed TA dependent properties for the powders NdCo400 
(11.09 emu g-1, 402 Oe), NdCo750 (9.00 emu g-1, 2181 Oe) and NdCo900 (9.44 emu g-1, 683.16 Oe) for saturation mag-
netization MS and coercive field HC values respectively.  Photoluminescence spectroscopy showed that the powders were 
all active in the visible region and could be useful for visible light photodegradation of organic dyes. NdCo900 was the 
most effective for the decolourization of RhB dye with kobs = 1.6 × 10-2 min‑1 and percent efficiency E % = 99.1 %. A 73 
% mineralization of the dye was also achieved after 3 h. 

Keywords: Perovskites, Coercive field, Photoluminescence, Photocatalytic activities. 

1. INTRODUCTION 

Perovskites are a group of materials that can generally 
be represented by the formula ABX3 (where A3+ could 
be a large rare-earth metal, B3+ is a smaller transition 
metal and X2- is a non-metal, mostly, oxygen). The 
perovskite structure is flexible and can accommodate 
almost all the elements in the periodic table. Their ten-
dency to display an array of very interesting properties 
have made them the focus of numerous scientific stud-
ies.  

Perovskites and perovskite-like multiferroic nano-
materials have potentials for application in a variety of 
crucial advanced technologies. They have been sub-
jected to intensive investigation due to their potential 
for use as cathodes in solid oxide fuel cell (SOFC) 
(Maguire et al., 2000; Skinner, 2001; Inprasit et al., 
2016; Lerdprom et al., 2017) sensors (Lantto et al., 
2004; Ghasdi et al., 2011), piezo- and pyroelectric, 
acoustic transducers (Paik et al., 1999; Peel et al., 
2013; Ramajo et al., 2014), capacitors and memory 
devices (Chung et al., 2008), as well as catalytic and 
Photocatalytic materials (Machida et al., 2000; Tang et 
al., 2007; Kanhere et al., 2012; Yu et al., 2012; Zhu et 

al., 2014). For nanomaterials, the synthesis route has 
been shown to impact on the size and morphology as 
well as the surface area of the particles of the synthe-
sized material and hence its properties. For perovskites 
and perovskite-like oxides, the annealing temperature 
for making the finished material is usually high and this 
leads to materials with large particle sizes and very low 
surface area, which is not good for photocatalysis Zhu 
et al., 2014) for example, the optical and magnetic 
properties of these materials may also be affected. An-
nealing environment may also play a role in determin-
ing the properties of semiconductor stable solid solution 
materials tailored towards specific functions have been 
made by selecting elements of suitable properties as 
dopants.  

The electrical, visible light Photocatalytic as well as 
weak ferromagnetic properties of perovskites can be 
manipulated/enhanced by introducing lone pair bearing 
transition metals (e.g. Bi3+, Pb3+) (Khomskii, 2006) and 
divalent alkaline earth metal dopants (Ca2+, Sr2+ and 
Ba2+ to create distortions or oxygen deficiency in the 
lattice of the material due to bond length variation (Lu 
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et al., 2005; Zhang et al. 2008) on the A and/or B site 
by a simple synthesis method. In this work, we report 
the synthesis of a substituted orthoferrite 
Nd0.5Bi0.2Co0.2Mn0.1FeO3 via a simple pechini-type cit-
ric acid synthesis. The major aim in this work is to 
study the magnetic as well as the Photocatalytic prop-
erties of this substituted ferrite and the effect of anneal-
ing temperature (at 400°C, 750°C and 900°C) on its 
properties. 

2. MATERIALS AND METHODS 
Nd2O3 (99.8%), citric acid (99.7%) (BDH Chemicals), 
Fe(NO3-)3.9H2O (98%), Bi(NO3)3.5H2O (97%), Co
(NO3)2 (99%) Mn(CH3OO)2 (99 %), concentrated 
HNO3 (55%), ethylene glycol (99%) (Promark Rea-
gents), rhodamine B (The Coleman and Bell Co., 
U.S.A.) and H2O2 30% vol. (100 vol) (Minema Chemi-
cals) were used as received.  Deionised water from a 
Millipore Milli-Q Elix 5 UV system was used through-
out and is hereafter referred to as Milli-Q water. 

2.1 Synthesis of (Nd0.5Bi0.2Co0.2Mn0.1)FeO(3-δ) 
(Nd0.5Bi0.2Co0.2Mn0.1)FeO(3-δ) samples were prepared 
by a citric acid sol-gel process.  Fe(NO3)3.9H2O (0.03 
mol) was dissolved in Milli-Q water (20.00 cm-3). 
Nd2O3 (0.0075 mol), Co(NO3)2 (0.006 mol) Mn
(CH3OO)2 (0.003 mol) and Bi(NO3)3.5H2O (0.006 
mol) were dissolved in dilute nitric acid (about 15 cm3, 
6 mol dm-3) solution to give the amount of metals re-
quired to fulfil the material’s stoichiometry.  The two 
solutions were mixed thoroughly, made up to 200 cm3 
with water (Milli-Q) and then gradually poured into a 
burette.  The solution was then added (drop-wise) to a 
citric acid solution (400 cm3, 0.15 mol) in a beaker 
which was continuously stirred by magnetic stirrer at 
room temperature to form a clear solution. Once the 
addition was completed and still stirring, the tempera-
ture of the mixture was raised to 90oC and allowed to 
stand until the volume of the solution was reduced to 
about 50 cm3, ethylene glycol (100 cm3) was added 
and the heating and stirring continued until a thick gel 
was formed.  The gel was then removed from the beak-
er and placed in a crucible in an oven at a temperature 
of 120oC for 24 hrs to dry.  The dry gel was subse-
quently pre-calcined at 400oC for 4 hrs to remove all 
the organic components.  A separate sample portions of 
the pre-calcined dry gel were subsequently annealed in 
a muffle furnace for 4 h at annealing temperatures (TA) 
of 750 and 900oC respectively.  A dry brown powder 
of the material Nd0.5Bi0.2(Co0.2Mn0.1)FeO(3-δ) was ob-
tained after the precalcination process.  The colour of 
the powders changed gradually from brown to black as 
the annealing temperature increased. The samples were 
labelled NdCo followed by the temperature at which 
they were annealed (NdCo400, NdCo750 and 

NdCo900 for samples annealed at 400, 750 and 900°C 
respectively). 

2.2 Characterisation 
Transmission electron microscopy (TEM) micrographs 
of the samples were collected on a JEOL JEM 1010 
instrument (Tokyo, Japan).  Scanning electron micros-
copy (SEM) data were also collected on a ZEISS Ultra 
plus field emission gun scanning electron microscope 
for the analysis of the morphology of the crystals.  The 
crystals lattice structures were determined by powder X
-ray diffraction (PXRD) analysis by using a Bruker Ad-
vance D8 diffractometer equipped with a XRK 900 re-
action chamber, a TCU 750 temperature control unit 
and a Cu Kα radiation source (λ = 1.5406 Å).  The scan 
step was set at 0.02o and a rotation speed of 15 RPM.  
The scanning was done from 2θ values of 10oC to 90oC.  
Crystallite sizes (D) were calculated by using the Scher-
rer equation, D = kλ/βcosθ (where k is the Scherrer 
constant, λ is the wavelength of the radiation and β is 
the full width at half maximum).  The Specific surface 
areas were determined by nitrogen adsorption and BET 
equation method with a Micromeritrics Tristar II 3020 
fully automated three station surface area while the pore 
sizes were determined by using porosity analyser.  The 
magnetic properties were analysed by using a 
LakeShore model 735 vibrating sample magnetometer 
(VSM) which had been calibrated with a standard Ni 
sphere of saturation magnetization 54.7 emu g-1.   

The maximum applied magnetic field was 14 kOe and 
analyses were done at room temperature.  Surface char-
acterisation of the powders was carried out on a Perkin 
Elmer FTIR Spectrum 100 spectrometer fitted with an 
attenuated total reflectance (ATR) accessory and bands 
were scanned from 350 to 4000 cm-1 value.  The photo-
luminescence spectra were monitored at two excitation 
wavelengths (390 and 400 nm) by means of a Perkin 
Elmer LS 55 spectrofluorimeter equipped with a high 
energy pulsed xenon source for excitation. 

2.3 Photocatalytic screening 
The Photocatalytic activity of each sample was tested 
on Rhodamine B dye in the absence and presence of 
H2O2 at room temperature.  A 26 W fluorescent lamp 
(Osram Dulux D, 26 W, 1800 lm) placed in a quartz 
jacket and held at about 7 cm above the RhB dye solu-
tion (which was continuously being stirred with a mag-
netic stirrer) was used for the irradiation.  The system 
contained 1.5 g dm-3 of synthesized materials and H2O2 
(3.0 × 10-5 mol dm-3).  A period of 30 min was allowed 
for equilibration in the dark before the lamp was turned 
on.  Aliquots of the dye solution were withdrawn at in-
tervals of 20 min to monitor the photodegradation pro-
cess by measuring the absorbance of the withdrawn 
aliquot at a λmax of 556 nm on a Biochrom Libra S6 UV 
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orthorhombic planes can be clearly identified in the 
diffractogram at TA = 400°C, but the presence/
absence of other peaks indicated that for this TA, the 
powder may contain largely mixed oxides and even 
some amorphous materials. The perovskite peak in-
tensities increase for higher TA, indicating an increase 
in crystallinity and also an increase in the phase puri-
ty of the powders. The powders crystallized in an or-
thorhombic perovskite lattice at higher TA (i.e. 750°
C).  Some researchers have also obtained the ortho-
rhombic lattice for NdFeO3 and Co-doped NdFeO3 
powders at 750°C and above using different synthesis 
methods (Nforna et al., 2020; Shalini et al., 2020; 
Nguyen et al., 2021).   

The presence of the peak at 2θ angle = 30 degrees 
(asterisked *) indicates that the ions may not have all 
been incorporated into the perovskite lattice or it may 
be an indication of the presence of a secondary phase. 
The broadening of the peaks is due to the nanopartic-
ulate nature of the crystallites. A reduction in the 
broadening of the peaks for TA = 900°C, coupled with 
the increase in peak intensities indicate an increase in 
crystallite sizes which is confirmed by crystallite size 
values obtained by applying the Scherrer equation to 
the 121 planes (Table 1). Higher TA, is therefore, ac-
companied by an increase in phase purity, crystallini-
ty as well as crystallite sizes. Table 1 also shows the 
calculated lattice parameters obtained by using the 
Diffracplus software and matching the peaks with that 
of (NdFeO3 (JCPDS, file no. 25-1149)). The cell vol-
umes were only slightly affected by the change in TA.  
A slight increase was observed in the cell volume 
between TA = 750 and 900°C.  This could be the 
point at which the ions are maximally incorporated 
into the perovskite lattice.   

3.2 Morphology 
Figure 2 shows the SEM micrographs for samples 
NdCo400, NdCo750 and NdCo900.  The perovskite 
crystallites of size range below 10 can be seen clearly 
at TA = 400°C (Figure 2a).  This shows the initial 
stage of formation of the powder crystallites.   The 
TEM for NdCo400 (Figure 2a Inset) also show crys-

spectrophotometer.  The extent of mineralization was 
also investigated by determining the chemical oxy-
gen demand (COD) of the degraded solution after 
180 min of degradation activity by means of standard 
method as described in the literature (Williams, 
2001). 

3. RESULTS AND DISCUSSION 
The results obtained from characterisation of the 
powders are presented and discussed in this subsec-
tion. 

3.1 Crystal Phase Characterization 
The PXRD diffractograms of the samples prepared at 
annealing temperatures (TA) of 400°C, 750°C and 
900°C are shown in Figure 1. The perovskite peaks 
can be seen growing at TA = 400°C.  This indicates 
the nucleation and growth of the perovskite phase 
may have started at a lower temperature. Peaks cor-
responding to the 101, 111, 200, 121, 202 and 042 

Figure 1. Powder X-ray diffractograms for the pow-
ders showing the evolution of the perovskite 
peaks as the annealing temperatures in-
creased from 400 to 900°C 

Table 1: Variation in cell parameters and specific surface areas for samples annealed between 750 °C 
and 900°C, crystallite sizes were calculated from Scherrer equation.  

Samples 

  

Cell parameters Lattice sys-
tem 

Crystal-
lite sizes/

nm 

SSA/m2 g-1 
(± 0.01) 

  a /Å b /Å c /Å V /Å3       

NdCo750 5.393 5.488 7.740 410.94 Orthorhombic 19.31 12.46 

NdCo900 5.402 5.491 7.812 405.93 Orthorhombic 30.81 5.92 
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tallite sizes estimated to be below 10 nm in sizes.  At 
TA = 750°C, the SEM micrograph shows that crys-
tallites have grown in size relative to NdCo400 and 
spherical and cubic shaped perovskite crystallites 
can be seen from the TEM micrograph (Figure 2b 
Inset).  The crystallite sizes estimated at this stage 
range between 13 and 17 nm.  At 900°C the 
NdCo900 crystallites become even larger as can be 
observed from the SEM micrograph (Figure 2c) with 
crystallite sizes of about 26 nm estimated from the 
TEM (Figure 2c Inset).  This agrees with the obser-
vation made from the PXRD data and calculation 
using Scherrer equation. 

3.2 BET surface areas 
Figure 3 shows the nitrogen adsorption-desorption 
isotherms for the powders.  The isotherms conform 
to the type IV isotherm on the IUPAC scale (Sing et 
al., 1985). The BET specific surface area obtained 
for both powders were 5.92 m2 g-1 for NdCo900 and 
12.46 m2 g-1 for NdCo750 (Table 1).   The presence 
of the hysteresis loop, which is related to capillary 
condensation at TA = 750°C shows that crystallites 
contain some mesopores. At TA = 900°C however, 
the P/Po is pushed much closer to 1 indicating a pre-
ponderance of macropores at higher TA.  The plot of 
pore area Vs pore diameter (inset in Figure 3) shows 
the pore size distribution of the powders.  The pores 
are mostly mesopores at low TA value.  The sharp-
ness of the peaks indicates a sort of uniformity or a 
narrow pore size distribution in the powders at TA = 
750°C. At TA = 900°C however, shows the presence 
of very few mesopores.  The decrease in the meso-
pore areas and the increase in particle sizes is re-

Figure 2. SEM micrographs with the corresponding TEM images (Inset) for (a) NdCo400, (b) 
NdCo750 and (c) NdCo900 showing the increase in crystallite size as TA increases 

Figure 3. Adsorption-desorption isotherms for powders 
annealed at TA 750 and 900°C.  The inset 
shows the disappearance of modal mesopore 
peaks as TA increased 

sponsible for the decrease in the values of the specific 
surface areas of the powders. 

3.4 Surface characterization 
Figure 4 shows the Fourier transform infrared spectra of 
the samples collected between wavelengths 380- and 
4000 cm-1. The spectra show two important peaks, one 
at about 1400 cm-1 and the other at around 600 cm-1.  
The peak at 1400 cm-1 is assigned to stretching vibra-
tions of -OH groups from water molecules adsorbed on 
the surface of the crystals.  The intensity of this peak 
decreases as TA increases, indicating the removal of the 
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water molecules at the surface of the material.  It could 
also be an indication of a reduction in the surface area 
as TA increases.  The peak at 600 cm-1 is assigned to 
stretching modes for O-Fe bonds.  This is an indica-
tion of the progress of the formation of the perovskite 

Figure 4. Fourier transform infrared spectra for 
NdCo400, NdCo750 and NdCo900 showing 
the reduction in peak intensity at 1400 cm-1 
and an increase in peak intensity at 600 cm-1 
with increase in annealing temperature. 

lattice in agreement with the observation from the 
PXRD diffractograms. 

3.5 Magnetic Properties 
Perovskite solid solution ferrites have been reported 
to have antiferromagnetic properties due to the for-
mation of bond overlaps between Fe ions and the p 
orbitals of oxygen ions which leads to the formation 
of Fe3+–O–M3+ bonds (where M3+ is Bi3+, Fe3+and 
Mn3+).  The introduction of an M2+ ion into the lattice 
would lead to a distortion in the bond angle of the Fe–
O–Fe arrangement.  Furthermore, the introduction of 
Co2+ into the lattice could either lead to the formation 
of Fe4+ in order to fulfil the requirements of charge 
compensation or result in the creation of oxygen va-
cancies and these contribute to the ferromagnetic 
characteristics (Liang et al., 2005; Li et al., 2007; 
Khomchenko et al., 2008; Wang et al., 2009). The 
result of the room temperature (RT) magnetization 
measurements of the powders is presented in Figure 
5.  The highest value of magnetization of 7.67 emu g-1 
was obtained for NdCo400.   

A general decrease in magnetization is observed for 
powders annealed at higher TA.  This decrease in MS 
corresponds to the increase in crystallinity as can be 
seen from the PXRD (Figure 1).  At TA = 400°C, the 
powders are composed mainly of mixed oxides.  As the 
TA is increased, more ions are incorporated into the per-
ovskite lattice and Fe2+ ions are oxidized to Fe3+ in the 
perovskite octahedral site.  This leads to the formation 
of more of the antiferromagnetic Fe3+-O-M3+ superex-
change which results in a reduction in the value of MS 
for NdCo750 and NdCo900.  MS values of 9.00 emu g-1 
and 9.44 emu g-1 were obtained for NdCo750 and 
NdCo900 which are much higher than values of 0.98 
emu g-1 obtained for Co doped NdFeO3 by Nguyen et 
al., (2021) and 0.87 emu g-1 obtained for Co doped 
NdFeO3 by Nforna et al., (2021).   

The coercive fields (HC) values showed a reverse trend 
compared to the MS values.  The HC values increased 
sharply for NdCo750 and NdCo900 (Table 2).  The 
highest HC values were obtained for NdCo750 with a 
value of 2181 Oe which is much higher than the HC val-
ue reported for NdFeO3 by Nforna et al., (2021).  This 
increase in HC can be attributed to the increase in sizes 
of the crystallites which is related to magnetocrystalline 
anisotropy  (Herzer, 1990) as the crystallite sizes in-
creased with TA. Interactions between ferromagnetic 
and antiferromagnetic exchanges could also be a major 
contributor at this level, which will also be a confirma-
tion of the presence of a secondary phase as observed 
from PXRD data.  The squareness values (MR/Ms) all 
remain low, indicating soft magnetic properties and do 

Figure 5. Room temperature magnetization hysteresis 
loops showing a decrease in saturation mag-
netization and increase in coercive field for 
powders annealed at 750 and 900°C. 
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not show any discernible variation with the changing 
TA. 

3.6 Photoluminescence 
Figure 6 shows the room temperature emission of the 
powders NdCo400-900. The powders show TA de-
pendent photoluminescence (PL) spectral intensity. 
The spectra show a decrease in the PL intensity as TA 
increased from 400 to 900°C for an excitation wave-
length (λex) of 390 nm.  The decrease in the PL peak 
intensities here appear to reflect the increase in order 
as observed from the magnetization measurements as 
well as the PXRD patterns. Intensity appears to de-
crease as more ions are incorporated into the perov-
skite lattice and the structure takes shape. The de-
crease in peak intensity may be due to formation of 
multiple trap states in the perovskite lattice formed 
due to the substitution of the dopants into the lattice. 
This means that a longer time is required for the e—h 
recombination to occur for NdCo750 and even a 
longer time for NdCo900. This is good for photo-
catalysis. 

3.7 Photocatalytic screening 
The results of the Photocatalytic screening of 
NdCo400-900 on RhB dye are shown in Figure 7.  
The results show only slight activity for NdCo750 
and NdCo 900 in the absence of H2O2, while 
NdCo400 appears not to have a significant effect on 
the dye solution.  In the presence of H2O2, however, 
a significant impact is noticed in the Photocatalytic 
activities of the powders NdCo750 and NdCo900 
with the latter being the most active (Figure 7).  Or-
ganic and amorphous materials blocking the dye 
molecules from reaching the surface of the photo-

Figure 6. PL spectra showing the decrease in 
peak intensity as TA is increased. e-- h+ 
recombination may take longer for 
NdCo900. 

Figure 7. Photodegradation of RhB when irradiated 
with visible light for the photocatalysts 
NdCo400, 750 and 900 (1.5 g dm-1) in the pres-
ence of H2O2 (3.0 × 10-5 mol dm-3). 

Sample kobs/min-1 E/% 

NdCo750 + H2O2 8.3 × 10-3 79.6 

NdCo900 + H2O2 1.6 × 10-2 99.1 

Table 3. Observed kinetics parameters for the photo-
degradation of RhB by 1.5 g dm-3 of photo-
catalysts (NdCo750-900) and 3.0 x 10-5 mol 
dm-3 H2O2. 

catalysts may explain the reason for the low or inactiv-
ity of powders annealed at TA = 400°C.  The powders 
annealed at TA 750 and 900°C, however, do not have 
such barriers and therefore were able to degrade the 
dye solution faster. The values of the observed rate 
constants and the calculated percent efficiency (E/%) 
(given by E% = (((A0 - A)/A0) × 100); where A0 and A 

are the 

Figure 8. Analysis of the chemical oxygen demand 
(COD) for NdC750 and NdCo900 after a peri-
od of 3 hours of photodegradation. The miner-
alization efficiency is 54 and 73 % respective-
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initial and final absorbance of the dye solution respec-
tively) are shown in Table 3.  The NdCo750-900/H2O2 
systems showed very high efficiency in decolourizing 
the RhB dye solution, suggesting that the materials can 
be excellent photocatalyst. 

3.8 Mineralisation of the RhB dye 
Figure 8 shows the COD results of the mineralisation 
of the dye solution by NdCo750 and NdCo900 after 
180 min of Photocatalytic activity.  The COD values 
obtained are 48 and 29 mg dm-3 of oxygen for 
NdCo750 and NdCo900, which represents an efficien-
cy of 54 and 73 % mineralisation respectively. This 
shows that the photocatalyst can be used to effectively 
degrade organic pollutants and convert them to less 
harmful inorganic material. 

4.0 CONCLUSIONS 
Perovskite-like (Nd0.5Bi0.2Co0.2Mn0.1)FeO(3-δ) powders 
of crystallite size range from 17 to 33 nm were synthe-
sized via a citric acid route.  The PXRD results show 
the powders crystallized in a orthorhombic lattice with 
crystallite sizes increasing with TA.  The BET s pecific 
surface area was within the range of 12 to 5 nm.  The 
saturation magnetization and the coercive fields both 
showed TA dependence.  The materials also showed 
improved magnetic properties with MS values of up to 
9.00 emu g-1 and a HC value of about 2181 Oe for 
NdCo750. The high coercive field value makes these 
materials good candidates for use in magnetic memory 
devices. photoluminescence activities within the visi-
ble region of the electromagnetic spectrum.  The pow-
ders annealed at 750 and 900°C showed drastically 
improved Photocatalytic activity in the presence of 
H2O2 and up to 99% decolourization of RhB was 
achieved for NdCo900 and 73 % mineralization after 3 
hours of exposure to visible light.  The magnetisation 
of these materials at room temperature also means that 
they can easily be recovered after use as Photocatalyst.  
The author recommends a smaller incremental step be 
taken for the TA so as to be able to determine the criti-
cal domain size for the material, also that these materi-
als be further analysed so that other properties, such as 
charge transfer capacity be determined to ascertain its 
suitability for use in solid oxide fuel cells. 
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