
Structural and magnetic properties of NiFe2�xBixO4 (x = 0, 0.1, 0.15)

nanoparticles prepared via sol–gel method

Mohammad Javad Nasr Isfahani a,*, Parisa Nasr Isfahani b, Klebson Lucenildo Da Silva c,
Armin Feldhoff d, Vladimir Šepelák e
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Abstract

NiFe2�xBixO4 (x = 0, 0.1, 0.15) nanopowders were synthesized via sol–gel method. The precursor gels were calcined at 773 K in air for 1 h to

obtain the pure nanostructured NiFe2�xBixO4 spinel phase. The crystal structure and magnetic properties of the substituted spinel series of

NiFe2�xBixO4 have been investigated by means of 57Fe Mössbauer spectroscopy, transmission electron microscopy and alternating gradient force

magnetometry. Mössbauer spectroscopic measurements revealed that Bi3+ cations tend to occupy octahedral positions in the structure of the

substituted ferrite, i.e., the crystal-chemical formula of the as-prepared nanoparticles may be written as: (Fe)[NiFe1�xBix]O4 (x = 0, 0.1, 0.15),

where parentheses and square brackets enclose cations on sites of tetrahedral and octahedral coordination, respectively. Selective area electron

diffraction studies provided evidence that the samples of the NiFe2�xBixO4 series, independently of x, exhibit the cubic spinel structure. The values

of the saturation magnetization and the coercive field of NiFe2�xBixO4 nanoparticles were found to decrease with increasing degree of bismuth

substitution.
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1. Introduction

Nanosized spinel-type ferrites with the general formula

MFe2O4 (M is a divalent metal cation) have attracted

considerable attention during the past several decades [1].

Their unique properties, for instance, an enhanced chemical

reactivity, an enhanced magnetization, and an enhanced

magnetic ordering temperature [2–4], make them attractive,

both from the scientific and application points of view. There

are various techniques to obtain MFe2O4 nanoparticles such as

hydrothermal reactions [5], coprecipitation [6], combustion

synthesis [7], thermal decomposition [8], mechanosynthesis

[9], microwave processing [10], electrospinning [11], the
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reverse micelle technique [12], the plasma deposition method

[13], the radio-frequency thermal plasma torch technique [14],

the pulsed wire discharge [15], sonochemical synthesis [16],

and sol–gel method [17]. The latter method generally refers to

the hydrolysis and the condensation of a metal nitrate or citrate,

leading to dispersions of oxide particles in a ‘‘sol’’. The ‘‘sol’’ is

then dried or ‘‘gelled’’ by the solvent removal or by a chemical

reaction. The solvent used is generally water, but the precursors

can also be hydrolyzed by an acid or base [18]. The rates of

hydrolysis and condensation are important parameters that

affect the particle size and, consequently, macroscopic

properties of the final products. The particle size of a final

nanooxide also depends on the solution composition, pH, and

sintering temperature [19].

The particle size- and shape-dependent magnetic properties

of MFe2O4 nanomaterials [20] can additionally be changed by

the substitution of M2+ and/or Fe3+ cations. The system under
d.
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Fig. 1. Room-temperature 57Fe Mössbauer spectra of NiFe2�xBixO4 with

various degree of substitution: (a) x = 0, (b) x = 0.1, (c) x = 0.15. Blue and

red colours indicate subspectra corresponding to tetrahedrally (A) and octahe-

drally [B] coordinated Fe3+ cations, respectively. (For interpretation of the

references to color in the text, the reader is referred to the web version of the

article.)

Table 1

The average magnetic hyperfine fields (H(A), H[B]), the saturation magnetization

(Ms) and the coercive field (Hc) of the as-prepared NiFe2�xBixO4 nanoparticles

with various x.

x H(A) (T) H[B] (T) Ms (emu/g) Hc (Oe)

0 48.01(5) 51.54(4) 42 100

0.1 47.37(1) 51.10(3) 35 40

0.15 45.67(7) 49.98(6) 29 25
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the present investigation is bismuth-substituted nickel nano-

ferrite, NiFe2�xBixO4 (x = 0, 0.1, 0.15), prepared via sol–gel

method. Although a lot of work concerning the substituted

nickel ferrites has already been published, see, e.g. [21,22], to

the best of our knowledge, there is no report in the literature on

the sol–gel prepared nanocrystalline NiFe2�xBixO4. The effect

of substitution of magnetic Fe3+ ions by diamagnetic Bi3+

cations on the structural and magnetic properties of the ferrite is

investigated in the present fundamental study. Note that

undoped nickel ferrite (NiFe2O4) is basically an inverse spinel

ferrite, in which tetrahedral (A) sites are occupied by ferric

ions, and octahedral [B] sites by ferric and divalent nickel ions;

thus, the crystal-chemical formula of this compound can be

represented as (Fe3+)[Ni2+Fe3+]O4 [21].

2. Experimental

NiFe2�xBixO4 (x = 0, 0.1, 0.15) nanopowders were prepared

via sol–gel method. Stoichoimetric amounts of Fe(NO3)3,

Ni(NO3)2 and Bi(NO3)3 were dissolved completely in

deionized water. In the dissolving process, the ratio of cation

concentrations of Ni2+/(Bi3+ + Fe3+) was fixed at 2 and that of

xBi3+/(2 � x)Fe3+ was varied with x = 0, 0.1 and 0.15. Each

aqueous solution containing Ni2+, Fe3+ and Bi3+ was poured

into citric acid with the ratio of (Ni2+ + Bi3+ + Fe3+)/(citric

acid) = 3. The mixtures were stirred and slowly evaporated at

353 K to form gels. These gels were dried at 373 K for 2 h and

then heated in air at 773 K for 1 h.

Mössbauer spectra were taken in transmission geometry at

room temperature. A 57Co/Rh g-ray source was used. The

velocity scale was calibrated relative to 57Fe in Rh. Recoil

spectral analysis software [23] was used for the quantitative

evaluation of the Mössbauer spectra. Hysteresis loops of the as-

prepared NiFe2�xBixO4 (x = 0, 0.1, 0.15) samples were

measured at room temperature using an alternating gradient

force magnetometer (AGFM).

The morphology of powders was studied using a combined

field-emission (scanning) transmission electron microscope

(S)TEM (JOEL JEM-2100F) with an ultrahigh-resolution pole

piece that provides a point resolution better than 0.19 nm at

200 kV. Prior to TEM investigations, powders were crushed in a

mortar, dispersed in ethanol, and fixed on a copper-supported

carbon grid.

3. Results and discussion

Room-temperature Mössbauer spectra of the as-prepared

NiFe2�xBixO4 (x = 0, 0.1, 0.15) samples are shown in Fig. 1.

The spectrum of the NiFe2�xBixO4 (x = 0) sample, presented in

Fig. 1a, is well fitted with two subspectra with isomer shifts

IS(A) = 0.12(1) mm/s and IS[B] = 0.23(3) mm/s characteristic of

tetrahedrally (A) and octahedrally [B] coordinated Fe3+ cations

in the spinel structure, respectively [24]. The intensities of the

corresponding subspectra (I(A), I[B]) with the hyperfine

magnetic fields of H(A) = 48.01(5) T and H[B] = 51.54(4) T,

revealed a fully inverse spinel structure of the ferrite with the

degree of inversion of 1.00(1). Thus, based on the results of
Mössbauer analysis, the crystal-chemical formula of the as-

prepared NiFe2O4 compound may be written as follows:

(Fe)[NiFe]O4. This finding is in agreement with previously

published data on NiFe2O4 [25,26].

The typical feature of the Mössbauer spectra of the

substituted NiFe2�xBixO4 samples (x = 0.1, 0.15) is a ‘sugging’

background (see Fig. 1b and c); therefore, we had to introduce a

broad, structureless background absorption to account for

unresolved magnetic relaxation processes in a qualitative way

(see, e.g., Refs. [27,28]). As clearly visible in Fig. 1, the relative

intensity of the [B] subspectrum of the NiFe2�xBixO4 samples
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decreases with increasing x. This can be interpreted as the

substitution of Fe3+ ions by Bi3+ cations on [B] sites. Assuming

that all the Bi3+ cations in the NiFe2�xBixO4 samples are

located on [B] sites, the degree of substitution, xcalc, can be

determined from the Mössbauer subspectral intensities

according to following expression: I(A)/I[B] = 1/(1 � xcalc).

The calculated values xcalc = 0.09(1) and 0.17(3) for NiFe1.9-
Fig. 2. (a) and (b) TEM bright-field images of NiFe1.85Bi0.15O4 nanoparticles. (c) an

the lattice fringes corresponding to the crystallographic planes (3 1 1) (d = 2.51 Å) o

nanoparticles. Debye Scherrer rings, which fit to the cubic spinel structure, are de
Bi0.1O4 and NiFe1.85Bi0.15O4 samples, respectively, are in

agreement with the values of their ‘‘real’’ chemical substitution,

i.e., x = 0.1 and 0.15. Thus, taking into account both, the present

results of Mössbauer analysis and the strong preference of Ni2+

cations for octahedral coordination, the crystal-chemical

formula of the substituted NiFe2�xBixO4 samples may be

written as (Fe)[NiFe1�xBix]O4.
d (d) High-resolution TEM micrographs of NiFe1.85Bi0.15O4 nanocrystals show

f the spinel phase (JCPDS PDF 10-0325). (e) SAED pattern of NiFe1.85Bi0.15O4

noted by Miller indices.



Fig. 4. The saturation magnetization (Ms) and coercive field (Hc) of nanosized

NiFe2�xBixO4 vs. x.
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It was found that the hyperfine magnetic fields (H(A), H[B])

acting on iron nuclei in (A) and [B] sublattices of

NiFe2�xBixO4 decrease with increasing degree of substitution

x (see Table 1). This observation can be explained by the

weakening of the (A)-O-[B] superexchange interaction due to

the substitution of magnetic Fe3+ ions by diamagnetic Bi3+

cations on the [B] sites.

The morphology of the NiFe2�xBixO4 (x = 0, 0.1, 0.15)

samples was examined by direct observations via TEM. The

representative bright-field TEM images (Fig. 2a and b)

illustrate the nanoscale nature of the as-prepared NiFe1.85-

Bi0.15O4 particles. As shown, the ferrite nanoparticles tend to

agglomerate because they experience a permanent magnetic

moment proportional to their volume [9]. Hence, each particle

is permanently magnetized and gets agglomerated. The

micrographs also show that the as-prepared ferrite consists

of particles mostly in the 15–30 nm size range. The shape of the

majority of the nanoparticles is found to be spherical. High-

resolution TEM micrographs of nanocrystalline NiFe1.85-

Bi0.15O4, presented in Fig. 2c and d, show lattice fringes

corresponding to the crystallographic planes (3 1 1)

(d = 2.51 Å) of the NiFe2O4 phase (JCPDS PDF 10-0325).

The lattice fringes cross the whole volume of nanoparticles

demonstrating their single-crystalline character.

It was found that the selected area electron diffraction

(SAED) patterns of the NiFe2�xBixO4 series, independently of

x, consist of both the discrete diffraction spots and Debye–

Scherrer rings characteristic of the spinel structure; see the

representative SAED pattern of NiFe1.85Bi0.15O4 displayed in

Fig. 2e. These findings together with the results of Mössbauer

investigations (Fig. 1) hint at the preservation of both the spinel

structure and the valence state of iron cations in NiFe2�xBixO4

with increasing x. Note that Debye Scherrer rings and the

discrete diffraction spots in the SAED pattern, which fit to the

cubic spinel structure, originate from the small particles and the

well-crystalline regions of the larger grains of the as-prepared

ferrite, respectively.
Fig. 3. The magnetization hysteresis loops recorded at room temperature for

NiFe2�xBixO4 nanoparticles with various degree of substitution: (a) x = 0, (b)

x = 0.1, (c) x = 0.15.
Fig. 3 shows the hysteresis curves for NiFe2�xBixO4 (x = 0,

0.1, 0.15) nanoparticles. The measured values of the saturation

magnetization (Ms) and of the coercive field (Hc) for all the

samples are presented in Table 1 and Fig. 4, indicating the

decrease of Ms and Hc with increasing Bi3+ concentration. Note

that a very small hysteresis (Hc = 25 Oe) was observed for the

as-prepared NiFe1.85Bi0.15O4 nanoparticles indicating that the

Bi-substituted nickel ferrite can be used most efficiently as a

soft magnetic material with negligible hysteresis loss. The

decrease of both the saturation magnetization and the

coercivity with increasing x is explained as due to the

magnetic dilution of the ferrite system by non-magnetic Bi3+

cations [21].

4. Conclusions

In this work, NiFe2�xBixO4 (x = 0, 0.1, 0.15) nanoparticles

were prepared for the first time via sol–gel method. 57Fe

Mössbauer and SAED measurements revealed the preservation

of both the valence state of iron cations and the spinel structure

of NiFe2�xBixO4 series with increasing x. Due to the ability of

Mössbauer spectroscopy to discriminate between probe nuclei

on inequivalent crystallographic sites, valuable insight into the

cation distribution in NiFe2�xBixO4 is obtained. It is concluded

that Bi3+ cations in the spinel NiFe2�xBixO4 series occupy

octahedral positions, i.e., the crystal-chemical formula of the

substituted ferrites may be written as (Fe)[NiFe1�xBix]O4. The

substitution of Fe3+ cations by diamagnetic Bi3+ cations results

in the reduction of both (A)- and [B]-site hyperfine magnetic

fields. The experimentally determined Ms and Hc values of

NiFe2�xBixO4 are found to decrease monotonically with

increasing degree of substitution x.
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