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Abstract: Cd-doped BiFeO3 powders, with varying doping concentrations of Cd (Bi(1−x)CdxFeO3,
where x = 0–0.3), were prepared through a facile chemical co-precipitation method and calcinated at
550 ◦C in the air. The BiFeO3 has a rhombohedral crystal structure, which changes to an orthorhombic
crystal structure with an increase in Cd doping. The presence of dopant has also altered the bandgap
of material suppressing it from 2.95 eV to 2.51 eV, improving the visible light absorption. Vibrating
sample magnetometry (VSM) confirmed stronger ferromagnetic character for Bi0.7Cd0.3FeO3 with a
coercivity of 250 Oe, and remnant magnetization was 0.15 emu/g, which is because of the misalign-
ment of the two sublattices of perovskite structure after doping resulting in the imbalanced magnetic
moment giving rise to net nonzero magnetic behavior. The particle size reduction is observed with
an increase in the doping concentration of Cd.

Keywords: multiferroics; co-precipitation method; doping concentration; structural transition;
magnetic behavior; VSM

1. Introduction

In the recent past, multiferroics have attained tremendous attention from researchers
because of their vital role in the manufacturing of memory storage devices, spintronics, and
magneto-electric sensors [1,2]. Multiferroics are materials possessing both ferromagnetic
and ferroelectric properties at the same time. Generally, a material should be a metal
to show good ferromagnetic behavior, or it should be an insulator/dielectric (to become
polarized) to exhibit the phenomenon of ferroelectricity. This makes multiferroics rare
and valuable materials for the electronics industry [3–5]. To date, many multiferroics have
been reported. The general universal formula ABX3 represents the family of materials
having a perovskite structure. Here, A and B represent the cations, and X is the anion.
X can vary from oxides to halides, which means there can be an oxide element or halide
group element, for example, Br, Cl, or I2, which can be used as halides. A wide range of
perovskite materials, including BiFeO3, BiMnO3, and ZMnO3, where Z can be a rare earth
metal such as Y, Tb, Ho, Lu, etc., are multiferroic. Other examples include BaTiO3, which is
dielectric ferroelectric and is used in multilayer ceramic capacitors and sensors. PbTiO3
possesses pyroelectric and piezoelectric properties and is used in transducers for marine
and underwater devices and is also used as a protector. Na0.5Bi0.5 is reported for showing
ferroelectricity and is used in piezoceramics.

Among the above-mentioned multiferroics, BiFeO3 is a significant compound exhibit-
ing relatively high Neel temperature (370 ◦C) and Curie temperature (830 ◦C), which is
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the main point of interest for potential applications in the industry where exposure to
high temperatures [6,7]. Secondly, BiFeO3 is more resistant to rust, as well. BiFeO3 is a
well known ferrite, and research is performed with many different doping elements, for
instance, Dzik et al. [8] examined the Dy doping in the place of Bi in BiFeO3 and observed
the enhanced magnetic properties of the sample from 0.1 emu/g for the pure sample and
0.3 emu/g for the 10% doped sample when measured at room temperature (300 K). Dy
also increased the measuring field frequency value for the sample at all temperatures. The
obtained samples were in ceramic form when prepared with the mixed oxide method.
Additionally, Ishaq et al. [9] investigated the effect of Mn-Cd co-doping in BiFeO3 and
confirmed the grain size reduction of the samples with increasing doping concentration of
dopants. The structural transition of pure bismuth ferrite crystal from rhombohedral to
orthorhombic occurred whenever the bismuth ferrite particles were doped with a suitable
metallic element in the Bi site. Moreover, D.V. Karpinsky et al. [10] reported the maximum
remnant magnetization of 0.07 emu/g for Mn and Ca co-doping in BiFeO3 samples, and the
antiferromagnetic behavior is observed. Arfat et al. [11] reported the specific magnetization
lay around the value of 2.9 emu/g associated with 10% doping of Ni in BiFeO3. This value
of specific magnetization increased significantly when increasing the value of x, which is
the value of the concentration of doping.

BiFeO3 is a perovskite having a distorted rhombohedral structure lying in the R3c
space group. It shows relatively higher electrical conductivity due to the presence of
Bi2Fe4O9 and Bi25FeO40 secondary phases [12]. The volatilization of Fe2+ ions and Bi3+ ions
at high temperatures also plays a key role in the conduction of electric current. The synthesis
of single-phase bismuth ferrites is very hard due to the formation of secondary phases,
which simply cannot be avoided by rapid sintering [13–17]. The literature suggests that the
substitution of rare earth ions or alkali earth ions, such as Y3+, Nd3+, Sm3+, Sr2+, and Ba2+

can improve some properties, including magnetic and electric properties of BiFeO3 [18–20].
Further, the reduction in the leakage current can be achieved by suppressing the spiral
structure of BiFeO3 perovskite and reducing its particle size [21–23].

Bismuth causes space charge defects (such as oxygen vacancies) in the perovskite
structure. These free-to-move charges gather at lower energy places (such as ferroelectric
domain walls) or grain boundaries when an external electric field is applied [24]. Conse-
quently, BiFeO3 leakage current (due to secondary phases) and oxygen vacancies limit the
ferroelectric loop by gathering on the domain walls. This sets up a limit for multiferroics
to be efficiently used in magneto-electric devices [25–27]. The Fe3+ ions (partially filling
the 3d orbital) are the main cause of G-type antiferromagnetic ordering, resulting from the
Jahn Teller effect during structure distortion of the bulk BiFeO3 [28,29].

Generally, BiFeO3 can be synthesized by several methods, such as the solid-state
method, sol-gel process, hydrothermal technique, and chemical co-precipitation method.
In the solid-state method, precursors are manually mixed, and nitric acid is mostly used for
leaching to avoid the impurity phases [30–32]. Similarly, leaching methods are also used
in the sol-gel route to form ceramics of BiFeO3. BiFeO3 samples with Cd doping yield a
relatively low number of undesired secondary phases (responsible for poor electrical and
magnetic properties) in multiferroics. A lower quantity of undesired secondary phases of
the final product is the main concern leading towards particularly selecting the chemical
coprecipitation method [33–36]. Based upon the requirement of the final powder, several
synthesis routes have been adopted by different researchers to produce BiFeO3. Among
these methods, some are suitable to achieve small particles size, while others are useful to
produce a powder with high purity levels [37,38]. The particle size of a material can have a
significant influence on its magnetic behavior. In general, as the particle size decreases, the
magnetic properties of the material tend to become more pronounced. This is due to the
increased surface-to-volume ratio of smaller particles, which leads to a higher density of
surface defects and an increased number of unpaired electrons on the surface. These factors
can lead to a higher susceptibility to magnetic fields and a greater overall magnetic moment.
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For ferromagnetic materials, as the particle size decreases, the Curie temperature (Tc)
tends to decrease, which means that ferromagnetic ordering can occur at lower tempera-
tures. Additionally, the coercive field (Hc) tends to increase, meaning that it takes a stronger
magnetic field to switch the magnetization direction.

In addition, it is also important to consider the shape of the particles as well. Spherical
particles will have different magnetic properties than elongated particles of the same size.
It is worth noting that the particle size effect on magnetic behavior is not always linear,
and sometimes more complex relations can be observed. Preparation of BiFeO3 particles
can also be achieved using the hydrothermal method, but the resulting particle size is
sometimes larger than several hundred nanometers. Preparation of BiFeO3 nano-crystals
at elevated temperatures (up to 200 ◦C) using KOH as precipitating agent is reported by
Chen et al. [39]. Conventional synthesis routes for preparing BiFeO3 particles generally
involve the mixing of precursors in stoichiometric amounts, and the reaction rate largely
depends upon the particle size and temperature. Chemical co-precipitation, on the other
hand, is a well known method for obtaining particles with relatively smaller sizes and
higher degrees of homogenization. Further, this technique does not involve very high
temperatures or heavy apparatus, while many physical properties of the powder can
be modified by controlling the external conditions, such as temperature, stirring period,
stirring speed, amount, and type of precipitating agent. The volatilization of both Fe2+

ions and Bi3+ ions at high temperatures can play a key role in the conduction of electric
current in BiFeO3. However, it is true that, in some studies, the problem of Bi volatilization
during synthesis is emphasized, but the volatilization of Fe ions is not mentioned. This
is likely because the volatilization of Bi ions is more pronounced and can have a greater
impact on the properties of the final material. Additionally, the OZDEMIR methods [40]
used to prevent Bi volatilization, such as using a reducing atmosphere or low-temperature
synthesis, may also help to reduce the volatilization of Fe ions.

Therefore, in this work, a simple, facile, and efficient chemical co-precipitation tech-
nique was successfully used to synthesize BiFeO3 with different doping concentrations of
Cd (Bi1−xCdxFeO3, where x = 0, 0.1, 0.3). The electrical, magnetic, optical, and structural
properties of the ferrites were systematically studied through vibrating sample magne-
tometry, X-ray diffraction, scanning electron microscopy, EDX analysis, ultraviolet-visible
spectroscopy, and Raman spectroscopy.

2. Experimental Procedure

Bi1−xCdxFeO3 (x = 0, 0.1, 0.3) samples were prepared via a simple chemical co-
precipitation method using high-purity (<99%) precursors. The nitrates of metallic salts
[Bi(NO3)3·5H2O, Cd(NO3)2·4H2O, Fe (NO3)3·9H2O] were used in their as-received state
with no further processing. All precursors (in the stoichiometric amount) were mixed in
deionized water at room temperature. The initial solution of each nitrate was stirred up
until it was completely dissolved. After preparing the solutions of each reagent, they were
mixed in a beaker under continuous stirring, and the temperature of the solution was
slightly elevated to 60 ◦C. Nitric acid and polyethylene glycol (PEG) were added dropwise
in a small ratio to control the morphology of particles. Further, nitric acid was used as a
bleaching agent to avoid nucleation of impurity phases. Subsequently, ammonia solution
was added dropwise to settle down the particles in the beaker. The whole process was
carried out under constant stirring for 3 h without reducing the temperature. Finally, the
prepared ferrite particles were allowed to settle down at room temperature and washed
three to four times with deionized water. The pH of the resulting liquid precursor was
kept between 7–9 with the help of ammonia solution and washing process. The resulting
solution was then dried in an oven maintained at 80 ◦C. Finally, all dried powder precur-
sors were calcined at 550 ◦C for 3 h in air. The final product was then ground to obtain a
homogenous fluffy powder.

The co-precipitation synthesis of BiFeO3 nanoparticles can be represented by the
following chemical reaction equations:
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• Formation of metal precursors:

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) + iron nitrate nonahydrate (Fe(NO3)3·
9H2O)→ bismuth iron nitrate hexahydrate (BiFe(NO3)6·14H2O)

• Precipitation of metal oxides:

BiFe(NO3)6·14H2O + sodium hydroxide (NaOH)→ BiFeO3 (s)
+ sodium nitrate (NaNO3) + 14H2O (l)

• Calcination of metal oxides:

BiFeO3 (s)→ BiFeO3 (s) (calcined)

The calcination step is usually performed at high temperatures (e.g., 500–600 ◦C) to
remove any residual water and to obtain crystalline BiFeO3 nanoparticles.

The structural and morphological characteristics of the prepared samples were re-
vealed by X-ray diffraction using the GNR EXPLORER 2000 (XRD) and the scanning
electron microscope TESCAN MAIA3 (SEM), respectively. The XRD was carried out using
Cu-Kα radiations (with wavelength 1.54 Å) in the 2-theta range of 20–60◦. To study the
magnetic properties of the prepared powders, vibrating sample magnetometry (VSM)
(Lake Shore 7300) was performed. Moreover, ultraviolet-visible UV1800 (UV) spectroscopy
and Raman spectroscopy DPSSL laser source (with lambda = 532 nm/150 mW), as an
excitation source (RS), were performed to study the absorption peaks/band gap, as well
as the emission spectra of the prepared samples. Fourier transform-infrared spectroscopy
FT/IR-4100 type-A, JASCO (FT-IR) was performed to analyze the bonding of oxygen with
cations and the effect of doping on bonding.

3. Results and Discussion
3.1. X-ray Diffraction

Figure 1 shows the XRD patterns of BiFeO3, Bi0.9Cd0.1FeO3, and Bi0.7Cd0.3FeO3 com-
pounds, which were calcined at 550 ◦C for 3 h in the powder form. The XRD pattern
confirms the rhombohedral structure of the BiFeO3 sample that belongs to the R3c space
group. Interestingly, no secondary phase of bismuth ferrite was found in the pure sample.
The main peak is observed at 2-theta ~32◦, which corresponds to 110 crystallographic
planes. After the substitution of Cd in BiFeO3, a structural transition from rhombohedral to
orthorhombic is observed, as shown in Figure 1, showing the characteristic dual peaks near
~32◦, which are attributed to the orthorhombic phase. The peaks at 2-theta ~46◦ and ~53◦

splits into two sub-peaks, and the main peak with the highest intensity tends to broaden,
which confirms the successful substitution of Cd with Bi in BiFeO3. This broadening of
peaks increases with the increase in Cd doping. This might be associated with the fact that
the ionic radii of Bi and Cd are different. The ionic radius of Cd+2 is 95 pm and has a smaller
ionic radius than that of Bi+2, which is 116 pm under the same conditions. Therefore, a
transition from rhombohedral to the orthorhombic type of structure took place. Moreover,
the Bi2Fe4O9 impurity phase and Bi25FeO40 secondary phase appear in Bi0.9Cd0.1FeO3 and
Bi0.7Cd0.3FeO3 samples, as shown in Figure 1. [41]. The impact of Cd-substitution on the
lattice parameters and magnetic properties of BiFeO3 can vary depending on the substitu-
tion level and other factors, such as temperature and pressure. Generally, Cd-substitution
can cause a decrease in the lattice parameters, which results in a decrease in the magnetic
properties, as the decrease in lattice parameters can lead to a reduction in the exchange
interactions between the magnetic moments in the material. The selenite-type structure
is a crystallographic structure that is found in certain types of ferrites. The XRD pattern
of ferrite with a silent-type phase typically exhibits characteristic diffraction peaks that
can be used to identify the presence of this structure. In Figure 1, the peak between 2theta
25–30 depicts the presence of a selenite-type phase.
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Figure 1. (a) XRD patterns of BiFeO3, Bi0.7Cd0.3FeO3, and Bi0.9Cd0.1FeO3 powders calcined at 550 ◦C,
(b) zoomed image of the characteristic peak near 32◦. The shift towards a higher angle confirms the
successful substitution of Cd with Bi in the BiFeO3 crystal.

Debye Scherrer’s formula, mentioned in Equation (1), is used to calculate the crystallite
size of fabricated materials.

D = (kλ/β cos θ) (1)

Here, D represents the crystallite size, k is the shape constant, lambda (λ) is the
wavelength of incident X-rays, theta (θ) is the angle of diffraction, and β indicates the full-
width half maxima (FWHM) of the characteristic peak under consideration for calculations.
The crystalline size of the prepared materials has been shown in Table 1.

Table 1. Crystallite size calculated by the Debye-Scherrer formula.

Material 2θ hkl Crystallite Size
BiFeO3 32.17 110 40.62 nm

Bi0.9Cd0.1FeO3 32.06 110 34.97 nm
Bi0.7Cd0.3FeO3 32.01 110 29.14 nm

3.2. Scanning Electron Microscopy

Figure 2 presents the SEM images of BiFeO3, Bi0.9Cd0.1FeO3, and Bi0.7Cd0.3FeO3
powder samples prepared with the chemical co-precipitation method. The SEM images
clearly show that the pure BiFeO3 has cubic crystals with a relatively large average particle
size of ~0.8 µm. As the concentration of Cd dopant in BiFeO3 is increased, the particle size
is considerably decreased. Moreover, a transition from cubic crystals to spherical-shaped
particles is observed with Cd doping (Figure 2). The average particle size of Bi0.9Cd0.1FeO3
was calculated to be 0.4 µm with spherical morphology. In the case of Bi0.7Cd0.3FeO3,
the particle size was further decreased to ~0.25 µm, while the particles retained their
spherical morphology. EDX analysis of Bi0.7Cd0.3FeO3, mentioned in Figure 3, confirms
the successful doping of Cd into BiFeO3. It also provides valuable information about the
percentage composition of the material. It is worth mentioning that particle size is different
from crystallite size determined by XRD analysis mentioned in Table 1. Crystallite size
refers to the average size of the crystalline regions in a material, while particle size refers
to the size of the individual particles or grains in the material. Crystallite size affects the
material’s mechanical, optical, and electrical properties, whereas particle size can affect its
dispersibility and surface area.
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successful doping of Cd into BiFeO3.

3.3. Ultraviolet-Visible Spectroscopy

The UV-Vis spectra of all samples are shown in Figure 4. For BiFeO3, a sharp absorption
peak is observed at a wavelength of 360 nm. In Cd-doped samples, the absorption peak is
shifted to 395 nm and 420 nm for Bi0.9Cd0.1FeO3 and Bi0.7Cd0.3FeO3, respectively. Figure 4
shows the absorption peak of the prepared samples along with their corresponding Tauc
plot. The Tauc plots reveal that the band gaps are direct and the calculated band gap values
of BiFeO3, Bi0.9Cd0.1FeO3, and Bi0.7Cd0.3FeO3 are 2.95, 2.76, and 2.51 eV, respectively. It
can be inferred from Figure 4 that the band gaps decrease with increasing the doping
concentration of Cd in pure BiFeO3, which is evident by the absorption of light in the
visible region.
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3.4. Fourier Transform Infrared Spectroscopy

To study the oxygen coordination with other metal ions in both A-site and B-site
cations in the perovskite structure of all bismuth ferrite samples [42], FT-IR spectroscopy
results of the prepared powders are provided in Figure 5. The absorption band is slightly
broadened in the range of 3200 cm−1 to 3500 cm−1, which might be associated with N-H
stretching [43,44]. On some occasions, overlapping of O-H stretching and N-H stretching
may also occur. The literature indicates that such types of bands (occurring at 1100 cm−1 to
1600 cm−1) are due to the presence of nitrates trapped on the surface [45]. Bands occurring
at the very start of the peak, i.e., at 600 cm−1, are found to be the result of the vibrations
of Fe-O and Bi-O metal-oxygen bonds [46]. Further, an octahedral FeO6 group has the
characteristic of Fe-O bond bending and stretching vibrations [47–49].
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3.5. Raman Spectroscopy

To study the structural changes concerning the different doping concentrations of Cd
in BiFeO3, RS was carried out. This technique is quite sensitive to determining the local
symmetrical changes in complex perovskites and ferrites [50]. Figure 6 shows RS spectra
of BiFeO3, Bi0.9Cd0.1FeO3, and Bi0.7Cd0.3FeO3 obtained at room temperature. Theoretical
group theory study of rhombohedral BiFeO3 (belonging to the R3c space group) suggests
13 Raman modes 4A1 and the 9E [51]. However, practically, this statement does not hold,
since we obtain a relatively small number of Raman modes (due to weak polarization of
ions, mode broadening, and expected degeneracy) in the materials having a large number
of atoms in their unit cell [52].
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room temperature.

For the pure BiFeO3 sample, the A1-1, A1-2, and A1-3 modes (having relatively higher
scattering intensity) are observed at 180, 483, and 616 cm−1, respectively. Mode A1-4 is
too weak to be observed. Similarly, all E modes are found to be at 253, 302, 378, 546, 694,
726, and 753 cm−1. As Cd is doped in pure BiFeO3, no remarkable qualitative change in
Raman scattering spectra is noticed except that the second and third main A1 modes are
shifted towards the right, i.e., towards the higher order of frequency. The new positions
are observed at 501 and 620 cm−1, which seem to be nearly equal for both samples. This is
attributed to the fact that Cd has a much lower mass as compared to Bi, indicating that the
doping element (Cd) is entering at Bi sites of BiFeO3 [53,54].

The XRD patterns of the sample may show both rhombohedral and orthorhombic
phases, while the Raman spectra only detect one of them. This could be because the
XRD technique is more sensitive to the long-range ordering of atoms in the sample, while
Raman spectroscopy is more sensitive to the bonding of the atoms. The presence of both
rhombohedral and orthorhombic phases in the XRD patterns could indicate that the sample
contains a mixture of both phases, while Raman spectroscopy is not sensitive enough to
detect the small amount of the other phase. It is also possible that the Raman spectra
only detect one of the phases because the other phase is in a low concentration and not
contributing significantly to the Raman signal.
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3.6. Vibrating Sample Magnetometry

To study the magnetic behavior of pure and Cd-doped BiFeO3 samples, VSM was
performed with an applied field having a maximum value of 15 kOe at room temperature.
Figure 7 shows the M-H curves of BiFeO3, Bi0.9Cd0.1FeO3, and Bi0.7Cd0.3FeO3 samples. It
is found that at room temperature, the pure BiFeO3 and Cd-doped Bi0.9Cd0.1FeO3 show
very weak ferromagnetic behavior. Interestingly, the obtained result for the bulk BiFeO3 in
the present study is quite different when compared with bulk BiFeO3 from the literature,
where it has been reported as antiferromagnetic at room temperature [55]. However, for
the nano-sized BiFeO3, the literature supports the weak ferromagnetic behavior [56]. This
difference in magnetic behavior in bulk and nano-sized BiFeO3 may be due to the reduction
of particle size that resulted in no exact compensation of two magnetic sublattices with a
unit cell [57]. The size of the particles can affect the magnetic properties of the material.
In general, smaller particles have a higher surface-to-volume ratio, which can lead to an
increase in the number of defects and impurities and can affect the magnetic properties. In
the case of BiFeO3, the magnetic properties are known to be sensitive to particle size and
shape, and ferromagnetism has been observed in BiFeO3 nanoparticles.
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Additionally, the ferromagnetic nature of the M-H loop in BiFeO3 is also related to the
presence of Fe ions, which are known to be ferromagnetic. The ferromagnetism in BiFeO3
can also be influenced by other factors, such as the crystal structure, defects, and impurities,
as well as the synthesis conditions. Additionally, the result for Bi0.9Cd0.1FeO3 may arise due
to the canting of distorted lattice in a previously antiferromagnetically ordered structure,
causing an imbalance in antiparallel sublattice magnetization of Fe and Bi ions.

For the doped Bi0.7Cd0.3FeO3 sample, relatively stronger ferromagnetic behavior is
observed, which is evident in Figure 6. Further, the measured coercivity (Hc), remnant
magnetization (Mr) at maximum (15 kOe) applied external magnetic field are 250 Oe and
0.15 emu/g, respectively. The specific magnetization of Bi0.7Cd0.3FeO3 is calculated to
be 0.91 emu/g. The structural transition from rhombohedral to orthorhombic may be
the cause of the relatively stronger ferromagnetic behavior of the Bi0.7Cd0.3FeO3 sample.
This transition can lead to structural distortion, promoting Fe–Fe atomic interactions and
causing an imbalance in magnetic ordering, which otherwise was causing the cancelation of
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ferromagnetic behavior. This effect of imbalance in magnetic ordering was not dominant
enough to suppress a considerable amount of net ferro-magneticity in Bi0.9Cd0.1FeO3 [58,59].

4. Conclusions

Cd-doped BiFeO3 (BixCd1−xFeO3, x = 0, 0.1, 0.3) samples were successfully synthesized
via a simple, facile, and efficient chemical co-precipitation method. A transition from
rhombohedral to orthorhombic crystal structure was noticed in the doped samples. The
XRD spectra reflected the presence of secondary phases of bismuth ferrite (Bi2Fe4O9 and
Bi25FeO40) in the doped samples. The SEM micrographs revealed that the particle size lies
in the range of micrometers. Moreover, the pure BiFeO3 powder showed a cubic shape
of crystals, which changed to a spherical shape with doping of Cd. Raman spectroscopy
verified the substitution of Cd at Bi sites. FT-IR results confirmed that Cd substitution
resulted in bond stretching (due to the difference in radii of Cd and Bi). Further, VSM
confirmed very weak ferromagnetic behavior in pure BiFeO3 and Cd-doped Bi0.9Cd0.1FeO3,
while relatively stronger ferromagnetic behavior was observed for Bi0.7Cd0.3FeO3 because
the reduction in particle size enhances the magnetic ferromagnetic behavior of the material.
For Bi0.7Cd0.3FeO3, the measured coercivity (Hc) remnant magnetization (Mr), at maximum,
applied external magnetic field, were 250 Oe and 0.15 emu/g, respectively.
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