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Abstract

Nanoparticles of NiMn2O4 were successfully obtained by mixing gelatin and inorganic salts NiCl2 � 6H2O and MnCl2 � 4H2O in aqueous

solution. The mixture has been synthesized at different temperatures and resulted in NiMn2O4 nanoparticles with crystallites size in the range of

14–44nm, as inferred from X-ray powder diffraction (XRPD) data. We have also observed that both the average crystallite size and the unit cell

parameters increase with increasing synthesis temperature. Magnetic measurements confirmed the presence of a magnetic transition near 110K.

r 2008 Published by Elsevier B.V.
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1. Introduction

The interest in the physics of nanoparticles has increased in
the last years because of their different physical properties
when compared to the corresponding bulk ones. In general,
materials in bulk form with molecular formula AB2O4 present
to have a normal spinel-type structure where atoms A
(divalent cations) and B (trivalent cations) occupy tetrahedral
and octahedral sites, respectively, and are distributed in the fcc

lattice formed by the O2� ions [1]. However, these materials
may change their crystal structure for an inverse spinel or
mixed spinel structure, a process that depends on the particle
size. In the case of the inverse spinel structure, the A2+ ions
occupy octahedral sites and the B3+ occupies both the
tetrahedral and the octahedral ones. On the other hand, in the
crystal structure know as the mixed spinel structure, atoms A
and B occupy both octahedral and tetrahedral sites in
materials with general formula (A1�xBx)[AxB2�x]O4 [2].
Among several materials with the spinel structure, NiMn2O4,
that crystallizes in a mixed spinel structure, is particularly of
interest due to its physical properties as the temperature
- see front matter r 2008 Published by Elsevier B.V.
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dependence of the electrical resistance and catalytic activities
[3,4]. Due to these and others features, several different
methods have been used to synthesize NiMn2O4. However, in
most of these methods high temperature and prolonged time
of sintering are necessary, making them unsuitable for
producing this spinel compound [3,5,6].
Recently, simple oxides as Cr2O3, NiO, and a-Fe2O3

were obtained by a chemical route where inorganic salts are
mixed with gelatin and reacted at low temperature and for
a short time [7–9]. The oxides prepared through this
method exhibited crystallites with average size of 15 nm.
Here, we report on a new and simple route for obtaining
the binary oxide NiMn2O4. We have found that the
material is comprised of nanoparticles with average size
ranging from 14 to 44 nm. We also discuss the magnetic
properties of these nanostructured spinel oxides [1].
2. Experimental

The samples were prepared from two different solutions:
one with 1.04 g of gelatin (SARGEL) and 0.766 g of
NiCl2 � 6H2O (SIGMA), which were dissolved in 10mL
of distilled water, and another one comprised of 2.1 g of

www.elsevier.com/locate/jmmm
dx.doi.org/10.1016/j.jmmm.2008.02.062
mailto:julina@fisica.ufc.br


ARTICLE IN PRESS

Fig. 1. TG and DTA analyses for the solution of the precursor material

for the synthesis of the NiMn2O4 nanoparticles.
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gelatin and 1.225 g of MnCl2 � 4H2O (MERCK 99%),
which were dissolved in 10mL of water. Both solutions
were mixed and maintained under stirring at temperature
of 40 1C. The final solution, with pH nearly 4, was cooled
slowly and a gel was formed. The gel was dried at 80 1C
during 5 days and the resulted material was a xerogel
(biopolymer). This xerogel was heated up to different
sintering temperatures 600, 700, 800, 900, and 1000 1C in a
rate of 10 1C/min. The annealing time interval was typically
of 6 h. The X-ray powder diffraction (XRPD) analysis was
performed in a Rigaku X-ray diffractometer using Brag-
g–Brentano geometry in the continuous mode with speed
of 0.51/min. Cu Ka radiation was used and the tube
operated at 40 kV and 25mA. The X-ray diffraction
patterns were taken in the range of 17–911 in order to
cover the most intense peaks of the NiMn2O4 phase. The
phase identification analysis has been made with the help of
the powder diffraction database of International Centre for
Diffraction Data (ICDD). Rietveld refinement [10] proce-
dures were made by using the DBWS 9807 code [11]. The
pseudo-Voigt function has been used to fit the peak profiles
of the identified crystalline phases. The full-width at half-
maximum (FWHM) of the peaks has been used to estimate
the crystallites size. Asymmetry coefficients, scale factors,
and lattice parameters for each phase and the background
polynomial parameters, were simultaneously refined. The
calculation of the crystallites size for all powders has been
performed by using the Scherrer’s equation [12].

The FWHM parameter has been corrected by the
instrumental broadening using LaB6 powder standard, as
described by Maia et al. [8]. The average microstrain (e), a
parameter extracted from the refinement, has been
determined for all samples. This microstrain and crystal-
lites size are convoluted in the integral breadth of the peak
profile and both parameters can be analytically separated
[13] and calculated by using the relationship:

b cos y
l
¼

1

D
þ

4� �� sin y
l

. (1)

The microstrain is given by the angular coefficient and the
crystallite size by the linear coefficient in a plot of b cos y/l
versus sin y.

Thermogravimetric analysis was performed in a Shi-
madzu Differential Thermal Analyzer. The measurements
were performed in airflow, with a flow rate of 50mL/min,
and in the temperature range 25–1000 1C with a heating
rate of 10 1C/min. Measurements of magnetization as
function of the temperature were performed in SQUID
magnetometer for two samples of NiMn2O4 which were
synthesized at 1000 and 600 1C.

3. Results and discussions

3.1. Thermogravimetric analysis

In order to gain further information regarding the
precursor material, thermogravimetric TG and differential
thermal analysis DTA were performed and the results are
displayed in Fig. 1. The TG data indicate a pronounced
mass loss close to 100 1C, corresponding to the elimination
of water, and another one near 310 1C, attributed to the
break out of the polimeric chains of the organic substances
related to the gelatin addition. In this process, occurring up
to 600 1C, the mass loss can be mainly associated with CO2

and CO and the beginning of the NiMn2O4 formation.
3.2. X-ray diffraction

Fig. 2 displays the calculated intensity (Rietveld refine-
ment) and the experimental XRPD patterns for all
samples. The results indicate that samples have the mixed
spinel structure and peaks belonging to NiO, which
decrease in intensity with increasing sintering temperature
(see Table 1). The presence of NiO in samples heat-treated
below 850 1C has been also observed elsewhere [5]. This
can be related to a small nonstoichiometry proportion of
nickel chloride or due to a large ionic distribution of Mn
mainly in the site 8a, as observed previously [14] in
(NiFe2O4)1�x+(NiMn2O4)x for 0.5pxp1.0. The inset
in Fig. 2 shows a systematic shift of the {3 3 3} plane to
lower 2y values with increasing sintering temperature, an
indicative of the expansion of the unit cell volume of
�0.9%.
The average size of the crystallites was calculated by

using the FWHM of the crystallographic families {0 2 2},
{1 1 3}, {2 2 4}, and {3 3 3} which were extracted from the
Rietveld refinements. Fig. 3 exhibits a pronounced increase
of the average crystallites size and microstrain of the
crystallographic family {1 1 1} with increasing sintering
temperature, verified also for others planes families. Such
an increase in the microstrain is certainly related to the
large surface effect, an effect much more pronounced when
the crystallites size is largely reduced. Williamsom–
Hall [13] plots, used here to calculate the microstrain,
showed a positive angular coefficient, indicating that all
samples have a positive expansion in their structure along
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Fig. 2. X-ray powder diffraction patterns for samples heat-treated for 6 h:

(K) NiO (cubic), (J) Mn3O4 (tetragonal), (.) NiMn2O4 (cubic) and (� )

peaks not identified. The patterns corresponding to samples heat-treated

at (a) 1000 1C, (b) 900 1C, (c) 800 1C, (d) 700 1C, and (e) 600 1C.

Table 1

Crystallites size and concentration obtained by XRPD for samples

synthesized for 6 h at different temperatures

Temerature (1C) Practice size (nm) Concentration (%)

Crystallographic families

{0 2 2} {1 1 3} {2 2 4} {3 3 3} NiMn2O4 NiO Mn3O4

1000 44(2) 42(2) 33(1) 32(1) 99 1 –

900 41(2) 39(2) 32(1) 31(1) 97 3 –

800 35(1) 33(1) 27.2(8) 26.3(8) 97 3 –

700 31(1) 28.5(9) 23.3(6) 22.6(6) 94 6 –

600 22.9(6) 20.3(5) 14.9(3) 14.1(3) 87 12 1

Fig. 3. Average crystallites size and microstrain as a function of the

sintering temperature for the [1 1 1] direction.
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the crystallographic direction [1 1 1], in agreement with the
data displayed in the inset in Fig. 2.

3.3. Magnetic measurement

The temperature dependence of the magnetization, taken
at 50Oe and in the zero-field-cooling (ZFC) and field-
cooling processes, is displayed in Fig. 4 for the samples
sintered at 600 and 1000 1C. The curves show the onset of a
ferrimagnetic transition at TC�105 and 110K, respectively.
These temperatures are slightly lower than that of
TC ¼ 145K observed in NiMn2O4 single crystal [1]. Such
a decrease in TC can be related to the reduction of the
crystallite size of the samples or to the effect of oxygen
vacancies, as discussed in Ref. [2].
From the temperature dependence of the magnetization

above 200K, we have extracted, by using the Curie–Weiss
relationship, the magnetic moment per formula unit of the
samples. For the sample sintered at 1000 1C, the estimated
value is �7.1 mB and for the sample sintered at
600 1C�6.9 mB. These values are in good agreement with
that of �6.9 mB calculated in single-crystal specimens [1].
They also found a Curie constant C ¼ 6.4 emuK/mole for
a sample prepared via the solid state reaction method and
sintered at 1100 1C for 45 days. In any event, the small
difference in the magnetic moment obtained for the sample
Fig. 4. ZFC and FC magnetization curves taken at H ¼ 50Oe for samples

synthesized at (a) 600 1C and (b) 1000 1C.
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heat-treated at 600 1C would be related to the small
amount of NiO impurity phase, which decreases the
magnitude of the magnetic moment due to the antiferro-
magnetic nature of NiO.

4. Conclusions

Nanoparticles of NiMn2O4, with average size between 14
and 44 nm, were produced by using gelatin as an organic
precursor. Rietveld refinement analysis indicates that the
nanoparticles crystallize in the mixed spinel structure and
have a small amount of impurity phases. The samples show
an increase in the crystallite size and a decrease in the
microstrain with increasing sintering temperature. This can
be used to control the size of the crystallites in this
material. Magnetization measurements indicated a long-
range ferrimagnetic ordering below 105 and 110K, in
samples sintered at 600 and 1000 1C. We finally argue that
the simple and low cost method used here seems to be
suitable to obtain NiMn2O4 nanoparticles at relatively low
sintering temperatures.
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