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Abstract Nickel ferrite powders with a nominal

NiFe2O4 composition were synthesized by combus-

tion reaction using urea as fuel. The powder was

obtained using a vitreous silica basin heated directly

on a hot plate at 480 �C until self-ignition occurred.

After combustion, the powder was calcined at 700 �C

for 2 h. The formation of the spinel phase and the

distribution of cations in the tetrahedral and octahe-

dral sites of the crystal structure were investigated by

the Rietveld method, using synchrotron X-ray dif-

fraction data and Mössbauer spectroscopy. The

material presented a crystallite size of 120 nm and

magnetic properties. The resulting stoichiometry after

the Rietveld refinement was (Fe0.989(2) Ni0.011(2))

[Fe1.012(2) Ni0.989(2)] O4.

Introduction

Nanostructured materials exhibit unusual physical and

chemical properties that differ significantly from those

of conventional bulk materials in terms of their

extremely small size or large specific surface area [1–3].

Nickel ferrite, NiFe2O4, with an inverse spinel struc-

ture is used in electric and electronic devices and in

catalysis. This material shows ferrimagnetism that

originates from a magnetic moment of anti-parallel

spins between Fe3+ ions at tetrahedral and octahedral

sites and Ni2+ ions at octahedral sites [4].

The nickel ferrites with good magnetic properties

are used in a wide variety of technological applications

[5], including satellite communications, memory de-

vices, computer components, antenna rods and trans-

former cores. Various preparation methods such as

coprecipitation [6], hydrothermal synthesis [7], sol–gel

[8], sonochemical preparation [9] and mechanical

alloying [10] have been used to produce nickel ferrite

nanoparticles. Among the various existing methods of

chemical synthesis, combustion reaction is an alterna-

tive and promising technique for preparing soft fer-

rites, leading to highly pure, chemically homogeneous,

nanometric scale particles [11–13].

The combustion reaction method is simple, involv-

ing a very fast chemical and exothermic reaction to

form the material. The key characteristic of the process

is that the heat required to trigger the reaction is

supplied by the reaction itself instead of coming from

an external source [11]. Metallic nitrates, which are the

source of cations for the formation of metallic oxide,

react with the fuel reducer, resulting in the formation

of a fine, dry and usually crystalline powder oxide [14].

Apart from the aforementioned advantages, the
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combustion reaction method also has interesting char-

acteristics such as its simplicity (since it does not

require multiple stages), its relatively low cost, and the

fact that it usually results in products with the desired

structure and composition [15]. This paper reports on

the structural characterization, by X-ray diffraction

and Mössbauer spectroscopy, of nickel ferrite powders

prepared by combustion reaction and calcined at

700 �C/2 h.

Experimental

Nanosize particle oxides of nickel ferrite with a

nominal composition of NiFe2O4 were prepared by

combustion reaction using urea as fuel. The materials

employed were iron nitrate––Fe(NO3)3 � 9H2O

(Merck), nickel nitrate––Ni(NO3)2 � 6H2O (Merck)

and urea––CO(NH2)2 (Synth). Stoichiometric compo-

sitions of metal nitrate and urea were calculated, using

the total oxidizing and reducing valences of the

components, which serve as the numerical coefficients

for the stoichiometric balance, so that the equivalence

ratio Fc was unity and the energy released was

maximum [13, 16]. The powder was prepared in a

vitreous silica basin heated directly on a hot plate at

480 �C until self-ignition occurred. The resulting

powder was calcined at 700 �C for 2 h to ensure

complete crystallization of the ferrite phase.

The crystal structure of the calcined nickel ferrite

powder was characterized by X-ray diffraction using

synchrotron light data. The experimental setup con-

sisted of a Si 111 double crystal monochromator with

the first crystal refrigerated and the second sagitally

curved. A scintillation detector was used. The mono-

chromator was adjusted to select the energy of the

absorption edge of Fe (E = 7.1052 keV, (= 1.74487 Å),

so as to have a significant difference between the

scattering factors of the Fe and Ni atoms. This energy

allows one to refine the occupation of these ions to

identify their distribution in the tetrahedral and octa-

hedral sites. A Y2O3 sample was used as the standard

to check the wavelength and instrumental broadening

for a size-strain analysis. Rietveld refinements were

performed to determine the cation distribution in the

tetrahedral and octahedral sites in the material’s

crystal structure. The GSAS suite program [17] was

used for the computations. The Thompson–Cox–Has-

tings pseudo–Voigt function was used as the profile

function, with asymmetry corrected according to the

formalism of Finger, Cox and Jephcroat [18]. During

the refinements, only the profile parameters that varied

with sech and tgh were refined, since they can be

related, respectively, to the crystallite size and micro-

strain (Dd/d). Crystallite size and microstrain analyses

were made according to the equations described in the

GSAS Manual [17].

The 57Fe Mössbauer spectra, which were obtained at

room temperature, were recorded at the Federal

University of São Carlos, Brazil using an EG&G

constant acceleration Mössbauer spectrometer in

transmission mode. The source of nominal activity

15 mCi was 57Co in an Rh matrix. Isomeric shifts were

measured relative to the centroid of the a-Fe foil

spectrum at room temperature. An a-Fe foil was also

used to calibrate the velocity scale of the spectrometer.

The Mössbauer data were fitted with a least-square

program assuming a Lorentzian line shape.

Results

Figure 1 presents the Rietveld plot of the NiFe2O4

ferrite powder prepared by combustion reaction and

calcined at 700 �C/2 h after refinement with the

synchrotron data. The powder presented 100% of

spinel phase nickel ferrite. The crystallite size of

around 120 nm and an insignificant microstrain of

about 1.2 · 10–5 (adimensional Dd/d unit) were calcu-

lated from the refinement of the FWHM parameters.

The refinement of the site occupancies during the

Rietveld refinement allowed us to determine the cation

distribution in the tetrahedral and octahedral sites of

the calcined material. To maintain the equilibrium of

20 40 60 80 100 120

0

10

20

30

In
te

ns
ity

 x
 1

03 (c
ts

 )

2θ (degrees)

Fig. 1 Rietveld plot for the NF prepared through route NFC and
calcined at 700 �C/2 h. The symbols ‘‘+’’ represents the observed
diffractogram, the continuous line is the calculated diffracto-
gram, and the continuous line below the observed and calculated
diffractograms is the difference between them. The small vertical
lines are the Bragg peak positions
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the charge, a constraint was used whereby the incre-

ments in the occupancies of the cations in the octahe-

dral site varied by half the occupancies of the cations in

the tetrahedral sites. The resulting stoichiometry was:

(Fe0:989ð2Þ Ni0:011ð2Þ) [Fe1:012ð2Þ Ni0:989ð2Þ] O4

Other relevant refinement indices were: reduced

v2 = 2.502, Rwp = 9.62%, RF2 = 1.88%. Table 1 lists

the data of the crystal. Where, v2 is the statistical

agreement index calculated according the formulae

given in the GSAS manual [17], page 166,

v2 ¼ M=ðN �NPÞ, where M ¼
P

i

wiðyoi � yciÞ2, yoi

and yci are respectively the observed and calculated

intensity at each step i, N is the number of observations

and M is the number of parameters being refined.

Rwp = M/
P

(yoi)2, and RF2 is ¼
P

Io � Icð Þ½ �=
P

Io, where Io and Ic are respectively the observed and

calculated intensity of the Bragg reflections.

Our XRD results were corroborated by Mössbauer

spectroscopy (MS), revealing the presence of a single

phase of the inverse spinel of nickel ferrite, and the

formation of fine particles with a crystallite size of

120 nm after calcination of the NiFe2O4 powder. This

analysis is possible thanks to the ability of Mössbauer

spectroscopy (MS) to identify a single atomic species

and its high sensitivity to changes in the atomic

configuration surrounding the 57Fe isotope. MS mea-

sures hyperfine interactions, providing valuable and

often unequaled information on iron species’ magnetic

and electronic states, local crystalline symmetry in Fe

sites, and structural defects [19, 20] (Table 2).

Figure 2 shows a Mössbauer spectrum, taken at

ambient temperature, of the NiFe2O4 ferrite samples

prepared by combustion reaction and calcined at

700 �C/2 h. Note the adjustment of the experimental

spectrum formed by the overlapping of two compo-

nents: two sextets corresponding to magnetic scatter-

ing. The isomeric deviations (d) of 0.37 mm/s and

0.25 mm/s were congruent with the presence of Fe (III)

in two different states [21, 22]. This ferrite displays two

strong interactions of super exchange between Fe+3–

O–Fe+3 and Fe+3–O–Ni+2 in the NiFe2O4 lattice, where

ferric ions occupy the center of the octahedral oxygen

and the tetrahedral oxygen in equal proportion [23],

while Ni+2 ions occupy mainly octahedral sites. Hence,

the material’s particle size comprises ferrimagnetic

domains that cause the levels of energy of the 57Fe

nucleus to separate. It is well known that the super-

paramagnetic state of ferrimagnetic particles with a

grain size below the critical one varies due to fluctu-

ations of the magnetic moment in the particle in

response to thermal disturbances. Thus, the NiFe2O4

crystals of 120 nm size were ferrimagnetic at ambient

temperature and their spectrum showed overlapping of

two standard magnetic sextets corresponding, respec-

tively, to iron atoms in octahedral sites (O) and in

tetrahedral sites (T) in the NiFe2O4 lattice [21, 22, 24].

Table 1 Crystal data for the spinel calcined at 700 �C/2 h

Formula sum Fe0.50 Ni0.25 O
Formula weight 58.60
Crystal system Cubic
Space group F d –3 m (no. 227)
Unit cell dimensions a = 8.3389(1) Å
Cell volume 579.86(1) Å3

Z 32
Density, calculated 5.370 g/cm3

Atomic coordinates and isotropic displacement
parameters (in Å2)

Atom Wyck. Occ. X Y Z U
FE1 8ª 0.989(2) 1/8 1/8 1/8 0.0029(2)
NI1 8ª 0.011(2) 1/8 1/8 1/8 0.0029(2)
FE2 16d 0.506(1) 1/2 ½ 1/2 0.0029(2)
NI1 16d 0.494(1) 1/2 ½ 1/2 0.0029(2)
O3 32e 1.000 u U u 0.0029(2)
u = 0.2559(1)
Interatomic distances (Å)
FE1/NI1—O3 (tetrahedral site) 1.891(1)
FE2/NI2—O3 (octahedral site) 2.037(1)

Table 2 Results of the Mössbauer spectrum of 57Fe of the
sample of NiFe2O4

Samples d
(mm/s)

D
(mm/s)

G
(mm/s)

H
(kOe)

% Phases

NiFe2O4 0.37 – 0.48 523 51 Octahedral
0.25 – 0.46 489 49 Tetrahedral

d, referring isomeric to the a-Fe; D, quadrupole scattering; G, full
width at half maxima; H, magnetic hyperfine field
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Fig. 2 Mössbauer spectrum, taken at ambient temperature, of
the NiFe2O4 prepared by the method of combustion and calcined
at 700 �C/2 h
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According to Shen et al. [25] and Kundig et al. [26],

the absence of a magnetically split six-finger pattern, as

was found in iron oxide calcined at 400 �C, indicates

that the particles of iron species in the sample may be

smaller than 10 nm. In the case of this work, the

presence of patterns of six peaks representing magnetic

scattering indicated that the NiFe2O4 powder particles

were larger than 10 nm (the critical value causes

variation of the superparamagnetic to the ferrimag-

netic state).

Conclusions

The combustion reaction performed in a vitreous silica

basin followed by calcination at 700 �C/2 h produced

highly crystalline powders with a crystallite size of

120 nm. The Mössbauer spectrum of the NiFe2O4

ferrite sample at ambient temperature indicated that

the ferrimagnetic interaction and the interfaces of the

atomic states of a few crystallites (mudado por

sugestão do revisor 3) were influenced by the combus-

tion reaction preparation method. The Fe cations in

the calcined material were distributed homogenously

in the octahedral and tetrahedral sites, while the Ni

cations were located mainly in the octahedral sites. The

distribution of cations indicated that this was an

inverse spinel with a (Fe0.989(2) Ni0.011(2)) [Fe1.012(2)

Ni0.989(2)] O4 stoichiometry.
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