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Abstract Bi2Fe4O9/CoFe2O4 (BFO/CFO) composite

powders were synthesized via a simple one-step sol–gel

method. The phase composition and morphology of the as-

synthesized composite powders were characterized by an

X-ray diffractometer, a Raman spectrometer and a scan-

ning electron microscopy equipped with energy dispersive

X-ray spectroscopy respectively, The magnetic properties

of the composite powders were investigated by a vibrating

sample magnetometer. All the composite powders show

single-phase-like magnetic hysteresis loops. The results

reveal that the saturation magnetization (Ms), the remnant

magnetization (Mr), and the coercivity (Hc) all increase

with increasing the concentration of CFO.

1 Introduction

Ternary bismuth ferrites have attracted much attention in

recent years because of their promising and potential

applications in sensor, actuation, and digital memory [1–4].

As a typical bismuth ferrite, Bi2Fe4O9 (BFO) is known to

have an orthorhombic structure with lattice constants of

a = 7.965 Å, b = 8.440 Å and c = 5.994 Å, whose unit

cell contains two formula units with trivalent Fe ions dis-

tributed between the octahedral and tetrahedral sites

respectively. Thus BFO belongs to Fe-based magnetic

Cairo pentagonal lattice leading to a spin frustration [5]. It

is paramagnetic at room temperature and undergoes a

transition to an antiferromagnetic state at

TN = 264 ± 3 K. Nowadays, BFO has been cited as a

promising material not only for its multiferroic behavior

[6] but has also been used as high-performance semicon-

ductor gas sensors and other functional devices [7–9].

However, the applications are seriously restricted by the

deficiency of weak macroscopic magnetism. Hence, it is

necessary to improve the magnetic properties of BFO.

Previous studies on improving the magnetic properties

of BFO mainly focused on changing the overall magnetic

spin structure and inducing magnetization in BFO, through

doping with several transition metal ions [10–12]. How-

ever, doping with transition metal ions could not signifi-

cantly improve the magnetic properties of BFO. Obviously,

Compositing might be one of good solutions to achieve the

goal. The composites are artificial systems containing at

least two phases with different physical and chemical

properties separated at microscopic level in the final

product, which are attracting an increasing interest in view

of various applications [13]. Spinel CoFe2O4 (CFO) is a

well-known magnetic material, which has been studied in

detail due to its high saturation magnetization (about

80 emu/g).

The aim of this paper is to composite CFO into BFO to

improve the magnetic properties of BFO. The BFO/CFO

composite powders were synthesized using a one-step sol–

gel method. It is interesting that the pure-phase BFO/CFO

composite powder can be obtained by calcining the gel

containing the starting materials of BFO and CFO with

different mass ratios of BFO and CFO at a low tempera-

ture. The magnetic properties of the as-prepared BFO/CFO

composite powders increase significantly with increasing

the concentration of CFO.
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2 Experimental procedure

(1 - x)BFO/xCFO composite powders (with x = 10, 20,

30, 40 %,) were synthesized by a one-step sol–gel method.

The starting reagents were analytical grade bismuth nitrate

(Bi(NO3)3�5H2O), ferric nitrate (Fe(NO3)3�9H2O), cobalt

nitrate (Co(NO3)2�6H2O), citric acid (C6H8O7�H2O) and

ethylenediamine (C2H8N2). Then ferric nitrate, bismuth

nitrate and cobalt nitrate were weighed and added into the

citric acid solution and magnetically stirred at 25 �C,

according to the stoichiometry of (1 - x)BFO/xCFO

composite powders (with x = 10, 20, 30, 40 %). The

addition of 5 % mol excess bismuth nitrate was used to

compensate the Bi loss during the subsequent calcination.

Ethylenediamine was added to the above solution to adjust

the pH value and thus inhibit the hydrolyzation of Bi. After

that the mixture solution was dried at 200 �C for 2 h to

obtain the BFO/CFO precursor powders [14]. Finally, the

precursor powders were calcined at different temperatures

to obtain the BFO/CFO composite powders. The phase

composition of the BFO/CFO composite powders were

detected by an X-ray diffractometer (XRD) with Cu Ka
radiation (Rigaku D/MAX-2400, Japan) and a micro

Raman spectrometer with a 514 nm Ar? laser (Renishaw-

invia, England). The morphology of the composite powders

was analyzed using a scanning electron microscope (SEM)

(JEOL JSM-6390A JEOL Ltd, Tokyo) equipped with an

energy dispersive X-ray spectroscopy (EDS). The magnetic

hysteresis loops of the composite powders were measured

by a vibrating sample magnetometer 113 (VSM) (Lake

Shore 7410, USA).

3 Results and discussion

Figure 1 shows the XRD patterns of the 80 %BFO/

20 %CFO composite powders calcined at different tem-

peratures ranged from 600 to 750 �C for 2 h. As shown in

Fig. 1, the phase composition of the as-prepared composite

powder is sensitive to the variation of calcining tempera-

ture. For the sample calcined at 600 �C, besides the main

phases of BFO and CFO, the impurity phases of BiFeO3

and unreacted Fe2O3 can also be detected. With increasing

the calcining temperature to 650 �C, the diffraction peaks

of Fe2O3 disappear. With further increasing the calcining

temperature the diffraction peaks of BFO and CFO

becomes strengthened gradually.

The XRD patterns of the BFO/CFO composite powders

with different concentrations of CFO calcined at 750 �C

for 2 h are shown in Fig. 2. It can be clearly seen that only

the expected phases of BFO and CFO can be detected in all

the samples. Moreover, the XRD patterns show that the

synthesized powders of BFO and CFO are of pure

rhombohedral distortion perovskite structure and cubic

structure, respectively. Within the resolution limit of XRD

no any other immediate phase can be detected. The above

powder X-ray diffractograms reveal that BFO and CFO

phases co-exist after being calcined at 750 �C with a high

crystallinity and without any impurity phases. Obviously,

with increasing the concentration of CFO, the diffraction

peaks of CFO become strengthened gradually.

It is hard to distinguish c-Fe2O3 phase from CFO phase

using XRD technique [15]. Thus further confirming the

phase purity of the sample and excluding the interference

of c-Fe2O3 phase on the magnetic properties of the BFO/

CFO composite powders is necessary. Raman spectra of

Fig. 1 XRD patterns of the 80 %BFO/20 %CFO composite powders

calcined at different temperatures

Fig. 2 XRD patterns of the BFO/CFO composite powders with

different concentrations of CFO
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the pure phase BFO, CFO and the 80 %BFO/20 %CFO

composite powders were measured at room temperature

as presented in Fig. 3. A group theory treatment leads to

42 Raman active modes for BFO (12Ag ? 12B1g ?

9B2g ? 9B3g) and five Raman active modes for CFO

(A1g ? Eg ? 3T2g) [16, 17]. Three modes at 304, 472,

696 cm-1 can be found in the pure CFO powder. And there

are eleven modes at 162, 182, 209, 283, 331, 367, 430, 555,

645 cm-1 in the pure phase BFO powder. Almost all the

modes which appear in BFO and CFO powders can be seen

except a mode of CFO at 304 cm-1 in the composite

powders, which might be obscured by other modes. The

above observation indicates that the composite powders do

not contain c-Fe2O3 phase. Hence, based on the above

XRD and Raman analysis, it can be concluded that the as-

prepared BFO/CFO composite powders are very pure.

Figure 4 shows the SEM micrographs of the BFO/CFO

composite powders with different concentrations of CFO

calcined at 750 �C for 2 h. It can be found that the small

grains are of CFO phase while the large grains are of BFO

phase because the formation temperature of CFO is higher

than that of BFO [18, 19]. The grain sizes of BFO and CFO

are about 300–400 and 100 nm, respectively. Figure 5

shows EDS mapping analysis result of the representative

80 %BFO/20 %CFO composite powder. It can be found

that the atomic ratio of Bi/Fe approximately is 0.435,

which is close to the stoichiometric ratio value of 0.444. As

shown in the mapping analysis, it can be clearly seen that

all the related elements are distributed uniformly, con-

firming that the two phases are well distributed in the

composite powders.

Figure 6 shows the magnetic hysteresis loops of the

BFO/CFO composite powders with different concentra-

tions of CFO. It shows obviously enhanced ferromagnetic

properties and the magnetic properties of the BFO/CFO

composite powders are strongly dependent on the con-

centration of CFO. It indicates that the saturation magne-

tization (Ms), the remnant magnetization (Mr), and the

Fig. 3 Raman spectra of the BFO powder, CFO powder and

80 %BFO/20 %CFO composite powder

Fig. 4 SEM micrographs of the BFO/CFO composite powders with different concentrations of CFO: a 90 %BFO/10 %CFO; b 80 %BFO/

20 %CFO; c 70 %BFO/30 %CFO; d 60 %BFO/40 %CFO
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coercivity (Hc) all increase with increasing the concentra-

tion of CFO. This phenomenon is due to the fact that the

CFO is a classical magnetic ferrite while the BFO is of

antiferromagnetic nature [20–22]. Table 1 summarizes the

magnetic properties of the as-prepared BFO/CFO com-

posite powders and those of the doped BFO powders

Fig. 5 EDS mapping analysis

result of the 80 %BFO/

20 %CFO composite powder

Fig. 6 Magnetic hysteresis loops of the BFO/CFO composite pow-

ders with different concentrations of CFO

Table 1 Magnetic properties of the BFO/CFO composite powders

and the doped BFO powders

Samples Ms

(emu/g)

Mr

(emu/g)

Hc (Oe) Ref.

Bi2Fe4O9 (297 K) *0.032 *0.005 *200 [14]

Bi2Fe3.9Sc0.1O9

(297 K)

*0.166 *0.008 – [11]

Bi2Fe3.8Ti0.1O9

(297 K)

*0.248 *0.029 – [23]

Bi2Fe3.95Co0.05O9

(5 K)

*3.509 *1.466 *1,010.2 [12]

90 %BFO/10 %CFO

(297 K)

*2.036 *1.091 *1,388.4 This work

80 %BFO/20 %CFO

(297 K)

*4.816 *2.875 *1,660.8 This work

70 %BFO/30 %CFO

(297 K)

*7.294 *4.042 *1,448.1 This work

60 %BFO/40 %CFO

(297 K)

*10.856 *6.129 *1,575.8 This work
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reported in literatures. It can be clearly seen that all the

magnetic properties (Ms, Mr and Hc) are much higher than

those of the doped BFO powders, suggesting that com-

positing CFO into BFO is a good solution to enhance the

magnetic properties of BFO.

4 Conclusions

In this work, the BFO/CFO composite powders have been

successfully synthesized by a one-step sol–gel method.

XRD and Raman results reveal that the BFO and CFO

phase can co-exist in the composite powders without any

impurity phase. Moreover, the results of SEM and EDS

show that the two phases are well distributed in the com-

posite powders. Magnetic hysteresis loops of the BFO/CFO

composite powders indicate that the Ms and Hc of the BFO/

CFO increase significantly with increasing the concentra-

tion of CFO. Compositing CFO into BFO is a good solu-

tion to enhance the magnetic properties of BFO.
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