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h i g h l i g h t s
� Superparamagnetic nickel ferrite nanoparticles were grown by the proteic solegel method.
� The proteic solegel method provided superparamagnetic nickel ferrite nanoparticles with sizes in the range of 9e13 nm.
� Nickel ferrite nanoparticles were prepared at temperatures as low as 250 �C.
� The nickel ferrite nanoparticles were studied by x-ray diffraction and Mossbauer.
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a b s t r a c t

Nickel ferrite (NiFe2O4) nanoparticles were synthesized by the proteic solegel method at synthesis
temperature of 250 �C, 300 �C and 400 �C, with the objective of obtaining superparamagnetic nano-
particles. Thermogravimetric analysis (TGA) and temperature-programed oxidation (TPO) presented
peaks around 290 �C indicating that nickel ferrite was forming at this temperature. X-ray powder
diffraction (XRPD) confirmed that the polycrystalline sample was single phased NiFe2O4 with space
group Fd3m. Scherrer equation applied to the diffraction patterns and transmission electron microscopy
(TEM) images showed that the size of the nanoparticles ranged from 9 nm to 13 nm. TEM images also
revealed that the nanoparticles were agglomerated, which was supported by the low values of surface
area provided by the Brunauer-Emmet-Teller (BET) method. Mossbauer spectroscopy presented spectra
composed of a superposition of three components: a sextet, a doublet and a broad singlet pattern. The
sample synthetized at 300 �C had the most pronounced doublet pattern characteristic of super-
paramagnetic nanoparticles. In conclusion, this method was partially successful in obtaining super-
paramagnetic nickel ferrite nanoparticles, in which the synthetized samples were a mixture of
nanoparticles with blocking temperature above and below room temperature. Magnetization curves
revealed a small hysteresis, supporting the Mossbauer results. The sample with the higher concentration
of superparamagnetic nanoparticles being the one synthetized at 300 �C.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ferrites are a large class of oxides with an interesting set of
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properties: high saturation magnetization and electrical resistivity,
low dielectric losses and a good physical and chemical stability [1].
These properties allow a wide range of applications such as in
magnetic resonance imaging contrast agents for biotechnology
[1,2], gas sensors [3,4], microwave devices [5], carries for targeted
drug delivery [6,7] andmagnetic nanofluid for hyperthermia cancer
treatments [8e10]. There are several routes for preparations of
ferrites that include: mechanochemical [11], solegel processing
[12e14], co-precipitation [15,16], combustion [17,18], hydrothermal
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Fig. 1. DTA/TG curves of the dried mixture of nickel nitrate, iron nitrate and gelatin.

Fig. 2. XRPD patterns of the NiFe2O4 nanoparticles synthesized by the proteic solegel
method at different temperatures (black circles) together with the result of the
calculated pattern obtained with Rietveld refinement (red line). The green line is the
difference between the experimental and calculated intensities. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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[19], reverse micelle [20] and other methods.
In this work, nickel ferrite (NiFe2O4) was synthesized by the

proteic solegel method. In this method, gelatin has been used as
the polymeric agent due to its solubility inwater and ability to bond
with metal ions in solution, which simplifies the process and re-
duces the cost of synthesis when compared to conventional solegel
methods. Several metal oxides and alloys were already obtained
through this method [21e24].

The thermal decomposition behavior of the NiFe2O4 powder
was examined by means of thermogravimetry (TG) and differential
thermal analysis (DTA). The morphology and structure were
examined by Brunauer-Emmet-Teller (BET), X-ray powder diffrac-
tion (XRPD) and Transmission Electron Microscopy (TEM). Average
particle sizes were calculated by the Scherrer's equation [25] using
the results of the Rietveld refinement [26]. The superparamagnetic
behavior was investigated with Mossbauer spectroscopy.

2. Experimental procedures

The proteic solution was prepared dissolving nickel nitrate
hexahydrate e Ni(NO3)3.6H2O (SigmaeAldrich 97%) and iron ni-
trate nonahydrate e Fe(NO3)3.9H2O (SigmaeAldrich 98%) in gelatin
solution (Gelita™) prepared with distilled water. The molar ratio of
the nickel nitrate to iron nitrate was 1:2 and the sum of the masses
of the nitrates was twice the mass of gelatin. The gel formed by the
mixture of the nickel nitrate, iron nitrate and gelatinwas then dried
at 100 �C for 24 h resulting in a spongy and voluminous product.

After drying, the mixture was macerated, resulting in a fine
powder. A portion of this powder was used for the thermal analysis
TG and DTA, while the remaining part was divided in three portions
and calcined for 4 h in a rotating furnace at different temperatures
(250 �C, 300 �C and 400 �C with a heating rate of 10

�
C/min). After

calcination, the powder was mixed on a Becker with hydrogen
peroxide (5 mL) for 10 min, aimed at dissolving the remaining
organicmatter in the sample. Finally, the samples werewashed two
times in centrifuge tubes (Quimis, model Q222T) with distilled
water and dried in the oven at 100 �C for 24 h.

In order to monitor the mass change of the samples during
heating, TG and DTA experiments were conducted under synthetic
air with a heating rate of 10 �C/min, on a Netzsch STA 409 PC/PG.
Temperature programmed oxidation (TPO) experiments were car-
ried in the powder (9.4 mg), with a heating rate of 10 �C/min, under
air atmospheric conditions.

The structural characterization of all samples was carried out by
XRPD at room temperature using a Panalytical X'Pert PRO - model
MPD diffractometer, with a hybrid monochromator and cobalt
characteristic radiation (l ¼ 1.78896 Å), at 40 kV � 30 mA. The
diffraction patterns were indexed using the International Centre for
Diffraction Data (ICDD). The structural parameters and atomic po-
sitions were refined by the Rietveldmethod, using Gsas [27]/Expgui
[28] software. These results were used to calculate average particle
size using Scherrer's equation, D¼ (kl)/(bcosq), in which k¼ 1.0747,
considering spherical particles with cubic symmetry [29], q is the
Bragg angle and b is full-width at half maximum (FWHM) of the
diffraction peaks, corrected for instrumental broadening. Specific
surface area was estimated by BrunauereEmmetteTeller (BET)
method using Autosorb-1, Quantachrome Instruments, with
degassing time of 5 h and helium gas as purging agent, and using N2

adsorption at 77K. The morphology and particle-size distribution
were investigated by TEM, using a Philips CM200 microscope. 57Fe
Mossbauer measurements were carried out at room temperature
using a 57Co radioactive source in a sinusoidal velocity pattern in
transmission mode. Magnetization curves were obtained in a
Vibrating Sample Manetometer at room temperature and with a
maximum applied field of 12.5 kOe.
3. Results and discussion

The TG - DTA results shown in Fig. 1 help in the selection of the
calcination temperature. The mass loss event below 160 �C is
associated with dehydration, as indicated by the endothermic peak
at 130 �C in the DTA curve, while theweight loss in the temperature



Table 1
Rietveld refinement, surface area and Scherrer's equation results for the NiFe2O4 nanoparticles synthesized by the proteic solegel method.

Sample/Temperature (�C) Particle sizea (nm) Lattice parameter (Å) Rwp (%) Specific surface area (BET) (m2/g)

250 10 8.34 ± 0.01 9.56 14.6
300 9 8.33 ± 0.01 9.27 88.6
400 13 8.34 ± 0.01 7.87 13.6

a Calculated using Scherrer's equation.
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range of 160e290 �C corresponds to the decomposition o gelatin,
elimination of organic matter and subsequently release of CO and
CO2 gases. A large exothermic peak in the TPO results at 288 �C
confirms the release of these gases. The mass loss between 290 �C
and 760 �C is related to further organic decomposition and for-
mation of oxides, for instance the small mass increase near 600 �C
in the TG curve may indicate oxygen gain. For temperatures above
760 �C the system stabilizes and the total mass loss is 72% which is
very close to the theoretical value of 75% that is calculated
considering the masses of the gelatin and the iron and nickel ni-
trates used.

Considering the combustion event indicated by the TPO at
288 �C and the endothermic peak in the DTA curve at 290 �C, all
probably related to the beginning of oxide formation, and knowing
that high temperatures lead to large particle size, low temperatures
were selected for calcination: 250 �C, 300 �C and 400 �C.

The XRPD patterns for the samples annealed at 250 �C, 300 �C
and 400 �C are shown in Fig. 2 and present only the cubic (Fd3m)
NiFe2O4 phase, while the fitting of the sharp diffraction peaks at
high-angles indicate good crystallinity [30]. The Rietveld refine-
ment was used to extract the line broadening of the diffraction
peaks and input it into the Scherrer's equation, which gave particle
sizes ranging from 9 to 13 nm (see Table 1). The fitting quality was
checked through the reliability factor Rwp that was within the 10%
range suggested in the literature [31].

BET results are shown in Table 1 and present an anomaly for the
sample synthesized at 300 �C, for which the surface area value is
about 6 times that of the other samples. It is expected that smaller
particle sizes lead to larger surface areas and indeed this sample has
the smaller particle size. However, the difference in particle sizes
presented in Table 1 does not explain the surface area values.
Considering a simplified model where the powder is composed of
dispersed spheres, the variation in surface area due to particle size
alone is a lot less than six fold, which suggests that another
mechanism is responsible for these values, possibly agglomeration
Fig. 3. Transmission electron micrographs of the NiFe2O4 nanoparticle powder for sam
and porosity. It is relevant to notice that at 300 �C there is a sig-
nificant exothermic transformation as shown in the DTA (see Fig. 1)
and TPO results and that theminima of this transformation are very
close to 250 �C and 400 �C. It is reasonable to suppose that this
transformation is responsible for the dispersion in the nano-
crystalline particles leading to a surge in the surface area when
compared to the samples synthesized at 250 �C and 400 �C. Further
investigation is necessary.

The TEM images of NiFe2O4 at temperatures 250 �C, 300 �C and
400 �C are shown in Fig. 3. The tendency of agglomeration was
observed in all samples; this is expected for particles with these
sizes, in which the surface energy is high because of the large
surface to volume ratio. Therefore, there is a large number of atoms
with incomplete coordination. These particles then try to stabilize
themselves by lowering their surface energy forming bonds with
adjacent particles, these bonds being covalent, ionic, metallic or
vander Walls depending on the material. The distribution of par-
ticle sizes was measured by imaging software (image J) [32]; the
results of this analysis are presented in Fig. 4. The crystalline grains
are randomly oriented in each sample. The average particle sizes
estimated from TEM were 9.2 nm, 7.9 nm and 15.4 nm for 250 �C,
300 �C and 400 �C, respectively. This result was consistent with the
results of Scherrer's equation. The sample of 300 �C presents higher
concentrations of smaller particles (Fig. 4), but then again it does
not explain the value of the surface area (88.6 m2/g), well above the
values of the samples of 250 �C and 400 �C.

Fig. 5 shows the Mossbauer spectra taken at room temperature
of the nanoparticles synthesized at 250 �C, 300 �C and 400 �C and
Table 2 shows the hyperfine parameters. The values of the hyper-
fine parameters were obtained by least square fitting of lorentzian
distribution functions. These spectra are typically a superposition
of three components: a sextet, a doublet and a broad singlet
pattern.

Fe atoms occupy ferromagnetic sites in the nickel ferrite spinel
structure. These sites present themselves in the Mossbauer spectra
ples synthesized at 250 �C, 300 �C and 400 �C. The scale in the figure is 100 nm.



Fig. 4. Particle size histograms obtained from the transmission electron micrographs of the NiFe2O4 nanoparticle powder for samples synthesized at 250 �C, 300 �C and 400 �C.
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as two sextets as shown in the spectra for T ¼ 1000 �C in Fig. 5 [14].
It is known that the blocking temperature of the ferromagnetic
interactions is proportional to the particle size and that for NiFe2O4
nanoparticles this temperature is around room temperature. Then,
the reduction of particle size, and consequently the reduction of the
ferromagnetic blocking temperature, implies in the weakening of
Fig. 5. Room temperature 57Fe Mossbauer spectra of the NiFe2O4 nanoparticles syn-
thesized by the proteic solegel method at different temperatures.
the ferromagnetic interactions causing a broadening in the sextet
lines and also a reduction in the hyperfine magnetic field. Further
reduction of the particle size, leading to the limit of blocking the
ferromagnetic interactions, causes a collapse in the sextet therefore
forming a broad lined singlet. Particles with size below the blocking
limit give rise to a superparamagnetic doublet. There features can
be seen in the spectra of the nanoparticles synthetized at 250 �C,
300 �C and 400 �C, in which TEM results show a large distribution
in particle size indicating that the sample present nanoparticles
with blocking temperature above and below room temperature
[14].

The magnetic measurements were performed at room temper-
ature; Table 3 contains the magnetic properties of the nickel ferrite
nanoparticles and Fig. 6 shows the magnetization curve for the
sample prepared at 300 �C. From the magnetization curves one can
observe that there was a reduction in the maximummagnetization
and an increase in the coercive field (Hc) for the sample prepared at
300 �C probably due to the surface effect that contributed to an
increased cationic disorder [30,33]. In this sample a decrease in the
coercive field was expected, however this property is influenced by
nanoparticle size, anisotropy and lattice strain [34]; The TEM im-
ages (Fig. 3) display the tendency of the NiFe2O4 nanoparticle to
agglomerate and the histograms (Fig. 4) present a considerable size
distribution for these nanoparticles. The high concentration of
Table 2
Hyperfine parameters obtained from fitting Mossbauer spectra.

Sample Site d (mm/s) D (mm/s) Bhf (T) G (mm/s) Area (%)

250 �C Sextet 0.31 0.00 48 0.30 27.5
Doublet 0.32 0.69 0.84 16.5
Singlet 0.31 8.46 56.0

300 �C Sextet 0.34 0.00 41 0.30 20.0
Doublet 0.31 0.67 0.92 10.0
Singlet 0.39 11.94 70.0

400 �C Sextet 0.30 0.00 47 0.30 33.5
Doublet 0.24 0.67 0.41 1.0
Singlet 0.33 15.71 65.5

1000 �C Sextet (B) 0.36 0.00 52 0.40 61.0
Sextet (A) 0.26 0.00 49 0.47 39.0

de isomer shift; De quadrupole splitting; Bhf e hyperfinemagnetic field; G - width
of the spectral line; A e tetrahedral site; B e octahedral site.



Table 3
Magnetic properties obtained from VSM.

Sample Mmax (emu/g) Mr (emu/g) Hc (Oe)

250 �C 28.7 1.9 70
300 �C 26.8 4.0 210
400 �C 28.0 1.7 60

Fig. 6. Magnetization curve of nickel ferrite nanoparticle prepared at 300 �C.
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nanoparticles with sizes smaller than the blocking limit, as sup-
ported by the BET and Mossbauer spectroscopy, favors the super-
paramagnetic behavior of this sample, however, because of the
large size distribution, this behavior could not be observed in the
magnetization curves.

4. Conclusions

The proteic solegel method was effective for obtaining nano-
particles of NiFe2O4 at low temperatures of synthesis
(250 �Ce400 �C) with sizes in the range of 9e13 nm, confirmed by
X-ray powder diffraction and transmission electron microscopy.
Mossbauer spectroscopy showed evidence that samples were in
part, composed of superparamagnetic nanoparticles, and the
sample synthesized at 300 �C contained the largest fraction of
superparamagnetic nanoparticles.
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