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We modified synthesis i.e. coprecipitation and centrifuge-precipitation procedures as well as substituted bis-

muth cation for tuning the structural, magnetic, and photocatalytic properties. The product was annealed at

1000 °C for 5 h. The results of XRD analysis show the single phase of high-purity magnetic nanoparticles is

obtained experimentally. The vibrating sample magnetometer results indicate that saturated magnetization

decreased slightly in the centrifuge-precipitation procedure compared to coprecipitation. Finally, the photocat-

alytic properties also change with the modification procedure as well as substituted bismuth cation. The high-

est reduction of 78.1 % in methylene blue under ultraviolet radiation indicates that nanoparticles in cobalt

ferrite-based nanoparticles materials have the potential to function as photocatalyst materials.
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1. Introduction

Recently, the substituted nonmagnetic material Bi3+ in

inverse spinel CoFe2O4 nanoparticles has received

significant attention. The metal cation Co2+ only occupies

octahedral sites whereas the metal cation of Bi3+ and Fe3+

may occupy both octahedral and tetrahedral sites. The

Bi3+ replaces Fe3+ in the octahedral sites modifying their

structural properties, electrical properties as well as the

magnetic characteristic [1-5]. The addition of bismuth to

cobalt ferrite nanoparticles modifies the electronic struc-

ture, thereby creating potential applications in information

storage technology [1-4] and also as photocatalyst [5-8].

The addition of Bi3+ ions to cobalt ferrite was reported

to reduce the crystallite size. The presence of nonmag-

netic bismuth ions also decreases the magnetization

saturation [1, 2, 5]. The functional photocatalyst bismuth

cobalt ferrite nanoparticles are interesting due to their

potential application in reducing environmental pollution.

A bismuth cobalt ferrite photocatalyst has been reported

to reduces Congo red dye [6, 7], Evan blue [8], and

phenol [5]. Different synthesis methods also affect the

photocatalytic performance of bismuth cobalt ferrite

nanoparticles [5]. Moreover, different of cation substituted

cobalt ferrite nanoparticles also contribute to photocata-

lytic performance [6, 9-14].

Many methods have been developed for synthesis of

bismuth cobalt ferrite nanoparticles during the last year,

including the glycine nitrate synthesis method [1], solu-

tion combustion method [5, 6], sol-gel auto combustion

[15], and the coprecipitation method [5, 16]. Among these

procedures, the coprecipitation method is popular due to

its low cost, simplicity, nontoxic precursors, industrial

scale yields, and quick process. 

In this study, we modified physical properties of the

cobalt ferrite bismuth nano particles with such kind addi-

tional step in coprecipitation procedure and substituted

bismuth cation. Therefore, the modified physical pro-

perties of the samples were examined i.e., structural pro-

perties by using x-ray diffractometer (XRD) and Fourier

Transform Infra-Red (FTIR) as well as magnetics pro-

perties by using vibrating samples magnetometer (VSM).

Finally, the photocatalytic performance was evaluated in

methylene blue with additional of the obtained nano-

particle magnetic samples under illuminated ultra-violet

light. 

2. Experimental Methods

As mentioned previously, cobalt-ferrite-based nanoparticles
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was synthesized using the coprecipitation method [17,

18]. Stoichiometric quantities of high-purity Co(NO3)2·6H2O,

Fe(NO3)3·9H2O, and Bi(NO3)3·5H2O were dissolved in

200 ml of aqua bides while stirring at 250 rpm for 10

minutes until a homogenous solution was obtained. A

100-ml 4.8 M NaOH solution was then added dropwise to

the obtained solution. During titration, the NaOH solution

was stirred at 1000 rpm, and the temperature was main-

tained at 95 °C. The solution was then stirred continually

for two hours. In order to modify the physical property,

the obtained samples separately two-part, first cobalt

ferrite and cobalt ferrite bismuth nanoparticles follow the

centrifuge treatments (namely centrifuge coprecipitation)

and second aging procedure for 24 hours (coprecipita-

tion). Then, the precipitate was washed repeatedly with

distilled water to obtain a clean precipitate product. To

remove the residual water, the product was dried over-

night in an oven at 100 °C. After annealed 1000 °C for 5

hours, samples were evaluated the crystalline structures

by using the x-ray diffraction using a Bruker D8 Advance

system. The bonding properties of the magnetic nano-

particles was observed using FTIR (Shimadzu IR Prestige

21). Their magnetic properties were evaluated using VSM

(vibrating sample magnetometer) at room temperature.

Finally, a methylene blue (10 ppm) solution was used to

evaluate the photocatalysts under UV-Vis radiation for

five minutes duration time with 10 mg addition modified

cobalt ferrite-based materials.

3. Results and Discussions

Figure 1 shows the XRD patterns of cobalt ferrite

(CoFe2O4) and bismuth substituted cobalt ferrite (CoFe1.9-

Bi0.1O4) samples obtained by the coprecipitation and

centrifuge-precipitation methods. Note that all diffraction

peaks correspond to the (111), (220), (311), (222), (400),

(422), (511), and (440) planes correspond to 2 angles of

the data on International Centre for Diffraction Data

(ICDD) no 22-1086. No other peaks were observed that

confirmed the presence of single-phase inverse spinel face

center cubic (fcc) structure. Angles (2) of the highest

peak (311) of the CoFe2O4 and CoFe1.9Bi0.1O4 samples as

obtained by the coprecipitation and centrifuge-precipita-

tion methods are listed in Table 1.

Table 1 shows that the angles (2) of the highest peak

of the bismuth substituted cobalt ferrite nanoparticles

Fig. 1. (Color online) XRD patterns of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized at 95 °C by the (a) coprecipitation

and (b) centrifuge-precipitation methods following annealing at 1000 °C for five hours under atmospheric air conditions.

Table 1. Angles (2θ) of highest peak (311) of CoFe2O4 and

CoFe1.9Bi0.1O4 samples.

Method Angles (2θ)

Coprecipitation

CoFe2O4 35.49o

CoFe1.9Bi0.1O4 35.45o

Centrifuge-precipitation

CoFe2O4 35.53o

CoFe1.9Bi0.1O4 35.43o
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slightly shift to the left by 0.04° and 0.10° compared to

cobalt ferrite nanoparticles for both the samples obtained

by the coprecipitation, and centrifuge-precipitation methods,

respectively. The 2 angle shift in the presence of

bismuth ions in a sample of the magnetic nanoparticles is

consistent with results reported by Gore et al. 2017 [15].

Shifting the peak angle of the XRD also shows the

evolution of crystallites [1, 19]. This indicates a change in

the microstructure; however, the original structure of the

cobalt ferrite remained unchanged in the presence of

bismuth ions. To examine such changes in the sample’s

microstructure in greater detail, crystalline parameters,

i.e., crystallite size D, lattice parameter a, density , and

lattice strain , were calculated. The crystallite size D was

calculated as follows [20].

(1)

Here,  is the XRD wavelength (source Cu K  =

0.154 nm),  is the full width at half maximum (FWHM)

of the highest peak in the orientation Miller Indices hkl

(311), and  is the angle corresponding to the highest

peak of the XRD patterns. 

Lattice parameter a was calculated as follows [21].

 (2)

The samples’ density was calculated as follows.

 (3)

Here, Z is the number of molecules per unit cell, M is

molecular weight, and NA is Avogadro’s number.

The strain of the samples was calculated using the Hall-

Williamson formula [20] as follows.

 (4)

Here,  is strain, and hkl is the FWHM of the highest

peak in the XRD pattern. 

The calculated crystal parameters are listed in Table 2.

The crystallite size of cobalt ferrite with substitution of

bismuth ions increased from 38.60 nm to 49.63 (an

increase of 28.57 % (= 49.63-38.60/38.60)) with the Table

2. Similarly, for the centrifuge-precipitation method, the

crystallite size increased by 13.41 nm (53.09 nm-39.68

nm), which is an increase of 33.79 % (53.09-39.68/39.68).

This is consistent with the observation results obtained by

Kiran and Sumathi [5]. The increased crystallite size

obtained with the centrifuge-precipitation method indicates

that the centrifuge energy seem contribute to the sub-

stitution of bismuth ions such that the density of cobalt

ferrite nanoparticles is reduced when bismuth (Bi3+) ions

substitute the ferrite (Fe3+) ions in the cobalt ferrite

structure. Consequently, the strains of both samples obtain

by the coprecipitation and centrifuge-precipitation methods

decreased. Modification of the lattice crystalline para-

meters and crystallite size contribute to the stretching

vibration of Fe3+–O2−, which is reflected as a shift in the

band positions of the FTIR absorption curve. It mean that

the substitution of bismuth ions in cobalt ferrite nano-

particles affects some structural changes, as mentioned in

the previous paragraph, and these structural changes are

caused by integration of metal ions, which affect the

lattice vibration.

Figures 2 shows the FTIR curve of the CoFe2O4 and

CoFe1.9Bi0.1O4 nanoparticles. Note that the FTIR spectra

data for the samples were recorded from 350 to 4000

cm−1. The absorption band (tetrahedral band) is appro-

priate to the intrinsic stretching vibrations of metal iron

and oxygen bonding (Fe-O) in wavenumber for around k1

= 590 cm1 which explains the spinel ferrite structure

formation. Thus, the second characteristics of this absorp-

tion band (octahedral band) are at the wavenumber k2

~390 cm−1 because that is a reasonable fit to the cobalt

ferrite sample, i.e., approximately 400 cm−1 [5, 23]. It is

safe to conclude that there is no new metal-oxide bonding

regarding to substituted Bismuth in cobalt ferrite nano

particles. 

The force constant at the tetrahedral and octahedral

D = 
0.9
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Table 2. Crystal parameters of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized at 95 °C by coprecipitation and centrifuge-pre-

cipitation methods.

Crystallite size (nm) Lattice parameter (Å) Density (dx/cm3) Lattice strain (× 103)

Coprecipitation

CoFe2O4 38.60 8.38 5.29 2.94

CoFe1.9Bi0.1O4 49.63 8.38 5.28 2.29

Centrifuge-precipitation

CoFe2O4 39.68 8.36 5.32 2.86

CoFe1.9Bi0.1O4 53.09 8.39 5.28 2.14
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sites for the CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles are

shown in Table 2. The force constant for the tetrahedral

(kt) and octahedral (ko) sites were calculated as follows

[22].

kt = 7.62 × M1 ×  × 107 (5)

ko = 10.62 ×  ×  × 107 (6)

Here, M1 is the molecular weight of the cations for the

CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles in the tetra-

hedral-site and M2 in the octahedral-site, respectively.

The force constant calculation at the tetrahedral and

octahedral sites indicates change with the different pre-

k1

2 N

m
----

M2

2
------- k2

2 N

m
----

Fig. 2. (Color online) FTIR curves of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized at 95 °C by (a) coprecipitation and (b)

centrifuge-precipitation methods following annealing at 1000 °C for five hours under atmospheric air conditions.

Table 3. Wavenumber, force constant at tetrahedral (kt) and octahedral (ko) of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized

at 95 °C by coprecipitation and centrifuge-precipitation methods.

Method k1 (cm−1) k2 (cm−1) kt (N/m) ko (N/m) Average (N/m)

Coprecipitation

CoFe2O4 590.24 389.64 14.83 9.25 12.04

CoFe1.9Bi0.1O4 588.31 406.03 14.73 10.05 12.39

Centrifuge-precipitation

CoFe2O4 586.39 382.89 14.63 8.94 11.78

CoFe1.9Bi0.1O4 590.24 393.50 14.83 9.44 12.13

Fig. 3. (Color online) Hysteresis curves of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized by (a) coprecipitation and (b) cen-

trifuge-precipitation methods following post annealing treatment at 1000 °C for five hours.
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paration procedure. However, the total force constant, i.e.,

the average force constant at the octahedral and tetra-

hedral sites, typically demonstrates the same dependence

of bismuth content for both the coprecipitation and

centrifuge-precipitation procedures. Here, the average

force constant increased from 12.04 to 12.30 N/m or

2.15% (= 12.30-12.04/12.04) for the coprecipitation

method. Similarly, for the centrifuge-precipitation method,

the average force constant modification was 0.35 N/m or

2.97% (= 12.13-11.78/11.78). The change in average

force constant can be attributed to the change in crystallite

size. Thus, the change in the structural characteristic

modified both the magnetic and photocatalytic properties.

Figure 3 shows the magnetization curve of the cobalt

ferrite and bismuth substituted cobalt ferrite nanoparticles

obtained by the coprecipitation and centrifuge-precipi-

tation methods. As can be seen in Fig. 3, the hysteresis

curve of the coprecipitation samples reached magneti-

zation saturation when the magnetic field exceeded 15

kOe. The centrifuge-precipitation samples required a

magnetic field of approximately 10 kOe to achieve

magnetization saturation. The saturation magnetization of

the coprecipitation samples was greater than that of the

centrifuge coprecipitation samples. The magnetic quan-

tities results revealed from the hysteresis curve are

presented in Table 3.

For the coprecipitation method, the magnetization

saturation (MS) the cobalt ferrite and bismuth substituted

cobalt ferrite samples was 71.93 emu/g and 62.97 emu/g,

respectively. With centrifuge-precipitation, the MS values

of 62.03 emu/g and 46.77 emu/g were obtained for the

cobalt ferrite and bismuth substituted cobalt ferrite nano-

particles, respectively. These results are consistent with

those reported by Panda et al. [19]. The decreased

saturation magnetization could be explained by the

magnetic dilution of the ferrite system via substitution of

a nonmagnetic ion. The squareness of the hysteresis curve

(Mr/MS) appears to be consistent with MS. Mr/MS appears

to be consistent with the rise in MS, which indicates that

crystalline magnetic anisotropy contributes to MS. 

For the coercive field (Hc), in the coprecipitation

method, the Hc was 0.962 kOe for cobalt ferrite and 0.585

kOe for bismuth substituted cobalt ferrite nanoparticles.

Here, the crystalline magnetic anisotropy should contri-

bute to reducing the Hc. Thus, with centrifuge coprecipi-

tation, Hc increased from 0.693 Oe to 1.04 kOe for the

cobalt ferrite and bismuth substituted cobalt ferrite

nanoparticles, respectively. Here, the modification of the

crystallite size should contribute to the increased Hc. 

The photocatalytic properties of the CoFe2O4 and

Table 4. Remanence magnetization, magnetic saturation, and coercive field of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized

at 95 °C by coprecipitation and centrifuge-precipitation methods.

Method Mr (emu/g) Ms (emu/g) Hc (kOe) Mr/Ms

Coprecipitation

CoFe2O4 33.89 71.93 0.962 0.471

CoFe1.9Bi0.1O4 18.31 62.97 0.585 0.291

Centrifuge-precipitation

CoFe2O4 23.54 62.03 0.693 0.379

CoFe1.9Bi0.1O4 15.98 46.77 1.04 0.342

Fig. 4. Photocatalytic properties of CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles synthesized by (a) coprecipitation and (b) centrifuge-

precipitation methods following post annealing treatment at 1000 °C for five hours.
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CoFe1.9Bi0.1O4 nanoparticles synthesized by the coprecipi-

tation and centrifuge-precipitation methods under de-

gradation of methylene blue were evaluated under ultra-

violet light for five minutes, as shown in Fig. 4. With the

coprecipitation method, the efficiency removes methylene

blue of 78.1 % and 37.4 % were obtained for CoFe2O4

and CoFe1.9Bi0.1O4 nanoparticles, respectively. Here, the

change in crystallite size should contribute the lowering

efficiency photocatalytic properties. As discussed previ-

ously, crystallite sizes increased due to the addition of

bismuth content. With the centrifuge-precipitation method,

reductions of 50.6 % and 66.8 % were obtained for the

CoFe2O4 and CoFe1.9Bi0.1O4 nanoparticles, respectively.

In the case of cobalt ferrite nano particle, the centrifuge-

coprecipitation procedure causes the size of the crystallite

to increase, so that the photocatalyst efficiency decreases

by 35.2 % (= 78.1-50.6/78.1). While for the case of

bismuth substitution of cobalt ferrite, the increase of the

crystallite size increased photocatalyst efficiency from

34.4 % to 66.8 % or increased by 94.19 %. Here, the

increase in the crystallite size of bismuth cobalt ferrite

nanoparticles does not reduce the efficiency of photo-

catalysts as in the case of cobalt ferrite nano particles.

Bismuth substituted cobalt ferrite nano particles define

the photocatalytic absorption procedure which does not

only depend on the particle size.

4. Conclusions

This paper has discussed changes to the structural,

magnetic, and photocatalytic properties of cobalt-ferrite-

based nanoparticles obtained by coprecipitation and

centrifuge-precipitation methods as well as bismuth

substituted cation. High-purity cobalt-ferrite-based nano-

particles were obtained experimentally, and XRD analysis

results demonstrate that the centrifuge-precipitation samples

had lower intensity than the coprecipitation samples. The

vibrating sample magnetometer results indicate that the

saturated magnetization decreased slightly with the

centrifuge-precipitation method compared to the copreci-

pitation method. Finally, the highest reduction of 78.1 %

in methylene blue under ultraviolet radiation indicates

that cobalt ferrite-based nanoparticle materials have the

potential to function as photocatalytic materials.
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