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Abstract Nickel ferrite powders were synthesized by
thermal decomposition of the precursors obtained in the
redox reaction between the mixture of Ni(NOs3),-6H,0O and
Fe(NO3)3-9H,0 with polyalcohol: 1,4-butanediol, polyvi-
nyl alcohol and also with their mixture. During this reac-
tion the primary C—OH groups were oxidized at -COOH,
while secondary C—OH groups at C=0 groups. The car-
boxylic groups formed coordinate to the present Ni(II) and
Fe(Ill) cations leading to carboxylate type compounds,
further used as precursors for NiFe,O,4. These precursors
were characterized by thermal analysis and FT-IR spec-
trometry. All precursors thermally decomposed up to
350 °C leading to nickel ferrite weakly crystallized. By
annealing at higher temperatures, nanocrystalline nickel
ferrite powders were obtained, as resulted from XRD. SEM
images have evidenced the formation of nanoparticulate
powders; these powders present magnetic properties char-
acteristic to the oxidic system formed by magnetic
nanoparticles.
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Introduction

Development of spinel ferrite nanoparticles has been
intensively pursued because of their technological and
fundamental scientific importance. Ferrites have received
great attention as a result of their magnetic and electronic
properties. It is well known that the chemical, structural,
and magnetic properties of spinel ferrite nanoparticles are
strongly influenced by their composition and microstruc-
tures, which are sensitive to the preparation methodologies
[1]. Many ferrites with the spinel structure, MFe,O4 (where
M: Ni, Zn, Mn, Co, Cd or their mixtures) are extensively
used in a number of electronic devices. This is because of
its high permeability at high frequencies, remarkably
electrical resistivity, mechanical hardness, chemical sta-
bility, and reasonably low cost. Since the last decade, quite
new and interesting magnetic properties have been reported
for nanocrystalline spinel ferrites [2]. Spinel-type ferrite
nanoparticles have gained great interest in the past few
years because of their good electromagnetic performance
and their applications in information storage, medical
diagnosis technology, sensor technology, magnetic warm-
ing and cooling technology [3], efficient hyperthermia
agents for cancer therapy [4], important catalysts for CO,
and H,0 decomposition [5], and gas sensors for gases like
liquefied petroleum gas, ethanol, CO, and CH,4 [6].
NiFe,O, is one of the most important spinel ferrites
which have attractive properties for the application as soft
magnets and low loss materials at high frequencies.
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NiFe,O, is a typical soft ferromagnetic material, which
crystallizes in a completely inverse spinel structure with all
nickel ions located in the octahedral sites and iron ions
occupying tetrahedral and octahedral sites. Several studies
have been devoted to the synthesis and the magnetic
properties of NiFe,O,4 nanoparticles prepared by a variety
of chemical routes [7].

Ferrite nanoparticles have been prepared by a variety of
methods as coprecipitation reaction [8], sonochemical
reaction [9], microwave route [10], reverse and normal
micelles [11], chimie douce approach [12], alkalide
reduction [13], sol-gel method [14] microemulsion method
[15], polymer pyrolysis method [16], and mechanical-
milling method [17].

In literature, several polyvinyl alcohol (PVA) based
synthesis methods of nanocrystalline mixed oxides pow-
ders have been reported. PVA assisted sol-gel processes
can result in uniform, monophasic, and even nanosized
particles for many multicomponent oxides such as spinels
(NiFe,O4, LiMn,0,4, CoFe,0,) [18-20].

In our previous studies, we have synthesized several
simple and mixed oxides [21-23] starting from metal
nitrates and different organic diols. We have established
that at temperatures around 100 °C, a redox reaction takes
place between the metal nitrates and diol, resulting in its
oxidation to dicarboxylate anions that coordinate to the
metal cations forming different carboxylate coordination
compounds.

In this article, we report the synthesis of nanocrystalline
nickel ferrite by the thermal decomposition of some
organic precursors obtained in the reaction between Ni(II)
and Fe(IIl) nitrates and two polyols: PVA and 1,4-
butanediol (1,4BG), and with a mixture PVA-1,4BG. The
ferrite was obtained at low temperature (starting with
300 °C) as nanocrystalline powder, with interesting mag-
netic properties. The evolution of the crystallinity degree
and crystallites diameter was studied by X-ray diffraction.
Ferrite nanoparticles size was estimated from SEM and
TEM images.

Experimental
Materials and preparation methods

Analytically pure PVA, 14BG, Fe(NOs3),-9H,O, and
Ni(NO3),-6H,0 (supplied by Merck) were used as reagents
without further purification.

NiFe,0, ferrite was synthesized by mixing the corre-
sponding quantities of Ni(II) and Fe(IIl) nitrates (calcu-
lated for 3 g of nickel ferrite) with 1,4BG (for molar ratio
1,4BG: NO3;~ = 0.567:1), or with a corresponding volume
of 5% PVA-water solution (for a molar ratio PVA
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monomer: NO3;~ = 0.567:1) and in the third case with the
equimolar mixture of 1,4BG and PV A solution (for a molar
ratio polyol: NO;~ = 0.567:1). The metal nitrates were
dissolved in the corresponding volume of 1,4BG, with an
addition of 1.0 cm® water. The obtained solutions were
carefully heated on a stove up to 160 °C, when a redox
reaction took place between metal nitrates and the polyol,
forming fluffy products, further used as precursors for
nickel ferrite. The as synthesized precursors have been
characterized by thermal analysis and FTIR spectroscopy.
By the controlled thermal decomposition of the precursors
at 290 °C, a magnetic powder is obtained which was fur-
ther annealed at different temperatures. The obtained
powders have been characterized by X-ray diffractometry,
FT-IR spectrometry, specific surface area, and magnetic
measurements.

Characterization methodology

Thermal analysis was performed on a 1500D MOM
Budapest Derivatograph. The heating was achieved in
static air, up to 500 °C, with a heating rate of 5 °C min~!,
on Pt plates using «-Al,O3 as inert material. The synthe-
sized powders were characterized by FT-IR spectrometry
with a Shimadzu Prestige FT-IR spectrometer, in KBr
pellets, in the range 400-4000 cm™'. Phase analysis was
achieved with D8 Advance-Bruker AXS diffractometer,
using the Mo-K,, radiation (4y, = 0.7093 /QX). SEM images
have been recorded on a Quanta 3D FEG (FEI) micro-
scope, while TEM microscopy was performed on a JEOL
JEM 1010 microscope. The magnetic investigations on the
powders in the as-prepared state were carried out at room
temperature under AC (50 Hz) applied magnetic fields of
amplitudes up to 160 kA/m. Specific surface area mea-
surements have been performed, based on nitrogen
adsorption, on a ASAP-2020 Micromeritics apparatus.

Results and discussions

PVA based synthesis method consists in thermal treatment
of the metal nitrates—PVA solution, or in the gelation,
followed by calcination. The presence of PVA in the sys-
tem is favorable for the obtaining of mixed oxide spinel at
lower temperatures and for shorter calcination times [18]. It
was also reported that the carbonaceous residue that results
after PVA thermal decomposition can act as a surfactant
for the oxidic particles, preventing the aggregation of oxide
nanoparticles. According to Ari et al., PVA acts as a metal
chelating agent and thereby inhibits the segregation of
metals during heating [19, 20]. According to Saha et al.
[18], when the metal nitrates—PV A solution is heated once,
the volume of the solution of mixed metal nitrates and PVA
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160 °C and annealed at 300 °C
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is reduced, the nitrate ions provide an in situ oxidizing
environment for the decomposition of PVA.

We have previously studied the obtaining of spinel
ferrites, by the redox reactions between metal nitrates and
different diols [21-23]. We have observed in our studies
that with the increase of the length of the organic chain of
the diol, the nanoparticles are smaller in size and the
temperature of spinel formation is lower, leading to a better
crystallinity for the same temperature. Thus, we have
decided to introduce in the system PVA beside the diol in
order to obtain smaller, less agglomerated ferrite nano-
particles. We have studied comparatively the evolution of
three systems: Ni(NOj),~Fe(NO3);—1,4BG (sample Fe-
NiBG), Ni(NO3),—Fe(NO;);-PVA (sample FeNiPVA), and
Ni(NO3),—Fe(NO;);-PVA-1,4BG (sample FeNiPVABG),
in order to establish the best solution for the obtaining of
fine, less agglomerated nickel ferrite nanoparticles. After
thermal treatment at 160 °C, we have obtained powders
containing the corresponding nickel ferrite precursors:
FeNiBG, FeNiPVA, and FeNiPVABG. The thermal
behavior of these precursors is shown in Figs. 1, 2, and 3,
and it is quite different.

The precursor FeNiBG (Fig. 1) thermally decomposes
in two overlapped exothermic steps, with maxima on DTA
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Fig. 6 FTIR spectra of the precursor FeNiPVABG as synthesized at
160 °C and annealed at 300 °C
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Fig. 7 XRD patterns of the powders obtained at 350, 500, 700, and
1000 °C from FeNiBG precursor

curve located at 170 and 290 °C. The thermal decompo-
sition finishes up to 350 °C, with formation of the corre-
sponding oxidic system, presenting magnetic properties.

In case of FeNiPVA (Fig. 2) precursor, two separate
exothermic effect associated with two mass losses are
registered: one at 140 °C, corresponding to the unfinished
redox reaction between NO3 ™~ ions and PVA; the other one
at 250 °C, corresponds to the thermal decomposition of the
formed precursor. The thermal decomposition completes
up to 280 °C, leading to a magnetic powder (probably
nickel ferrite). In case of the precursor FeNiPVABG
(Fig. 3), the thermal decomposition takes place in a large
interval: 150-350 °C, leading at 350 °C to a magnetic
powder.

The as synthesized precursors and their decomposition
products obtained at 300 °C were analyzed by FT-IR
spectrometry. The obtained spectra are shown in Figs. 4, 5,
and 6.

In the spectra of the precursor FeNiBG (Fig. 4) syn-
thesized at 160 °C, a strong band characteristic to the
NO; ™ ions that appears at 1384 cm ™' which means that the
redox reaction was not complete in this case. The strong
bands at ~ 1590 and ~ 1320 cm ™" are characteristic to the
symmetric and antisymmetric stretching vibrations of
COO™ groups [24], formed as oxidation products of the
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C-OH groups and coordinated to the metal ions. This band
characteristic to NO3 ™~ is not visible in the spectra of the
precursors FeNiPVA (Fig. 5) and FeNiPVABG (Fig. 6)
obtained at 160 °C, which suggest that in these cases the
redox reaction NO3~ + OH-C = took place quantitatively.
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Fig. 8 XRD patterns of the powders obtained at 350, 500, 700, and
1000 °C from FeNiPVA precursor
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Fig. 10 SEM images of NiFe,0, powders obtained at 700 °C from

Fig. 9 XRD patterns of the powders obtained at 350, 500, 700, and
a FeNiBG, b FeNiPVA, and ¢ FeNiPVABG

1000 °C from FeNiPVABG precursor
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In case of the precursor FeNiPVA, two strong bands appear
at 1680 and 1300 cmfl, and can be assigned to the C=0
bonds formed by the oxidation of the C—-OH groups from
PVA. In this case, the formation of a metal carboxylate is
not evident.

The spectrum of the precursor FeNiPVABG (Fig. 6)
clearly evidenced the formation of the metal carboxylates,
through the bands located at 1360 and 1580 cm ™" and there
is no band at 1380 cm™! (no residual NO;3;~ ions). By
thermal treatment at 300 °C, only FeNiBG (Fig. 4) and
FeNiPVABG (Fig. 6) thermally decompose completely
leading to the formation of nickel ferrite (two bands at 680
and 400 cm™"') at this low temperature. FeNiPVA precur-
sor (Fig. 5) is not completely decomposed at 300 °C; there
are some residual bands (1340 and 1620 cm™") but also a
band at 680 cm ™, characteristic to the nickel ferrite.

In order to obtain the nanocrystalline nickel ferrite
powders, the precursors have been first decomposed at
350 °C (when all three precursors are completely decom-
pose), then annealed at higher temperatures. By annealing
the decomposition products for 3 h at 500, 700, and
1000 °C, crystallized nickel ferrite powders were obtained
with characteristic magnetic properties.

XRD patterns of the powders annealed at different
temperatures, obtained from the three precursors are shown
in Figs. 7, 8, and 9. All XRD patterns evidence the pres-
ence of nickel ferrite spinel (JCPDS no. 86-2267 [25]) as
sole crystalline phase. The crystallization degree is low at
350 °C, but significantly increases with the annealing
temperature.

The evolution of the powders obtained by annealing the
FeNiPVABG precursor (Fig. 9) is intermediary, between
those of the former discussed precursors.

The fine nature of the ferrite nanoparticles is evident
from the SEM image. In case of the powders obtained at
700 °C (Fig. 10a—c), all samples consists in micrometric
aggregates of fine spherical homogenous nanoparticles
with similar size, around 50 nm, slightly bigger for the
powders obtained from FeNiPVA precursor (Fig. 10b); a
sign of early sinterization is visible in this case. It is notable

Fig. 11 SEM (a) and TEM
(b) images of NiFe,O, powder
obtained at 1000 °C from
FeNiPVA
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Table 1 Magnetic properties of nickel ferrite powders

Precursor Temperature/°C Ms/emu/g Hc/Oe
FeNiBG 700 38 340
FeNiPVA 700 35 320
FeNiPVABG 700 31 400
FeNiPVABG 500 17 240
FeNiPVABG 1000 47 180

that in case of the powder obtained from FeNiPVABG
precursor (Fig. 10c), porous micro-aggregates of nickel
ferrite nanoparticles are present, suggesting a higher sur-
face area.

BET specific surface area measurements have been
performed on the powders obtained by annealing the pre-
cursors at 500 °C. The resulted values have confirmed a
higher specific surface area in case of the powder obtained
from FeNiPVABG precursor (Sger = 42.0 £ 0.3 mzlg)
compared with the powder obtained from FeNiPVA pre-
cursor (Sger = 26.1 + 0.2 m?/g).

In case of the powders annealed at 1000 °C, the one
obtained from FeNiPVA showed an advanced sintering, as
evidenced also by SEM (Fig. 11a) and TEM images
(Fig. 11b).

The magnetic properties (saturation magnetizations and
coercive field) of the synthesized powders are listed in
Table 1. It results from the presented data that the value of
saturation magnetization slightly decreases with the
increasing of the organic content in the precursor, due to
the smaller particle size. The values of saturation magne-
tization significantly increase with the annealing tempera-
ture (as results from the data obtained for FeNiPVABG
originated sample). The coercive field increases signifi-
cantly with the increase of annealing temperature from 500
to 700 °C, probably due to the increase in the nanoparticle
size. When the annealing temperature increase at 1000 °C,
the saturation magnetization increase to 47 emu/g,

approaching the value characteristic to the bulk material
(55 emu/g).
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According to the literature [26], the Ms value increases
and Hc value decreases with the enhancement of crystal-
linity of nickel ferrite; thus, the higher saturation magne-
tization and lower coercivity of the synthesized NiFe,O,
sample at 1000 °C are due to the higher crystallinity.

Conclusions

Nanocrystalline nickel ferrite was successfully synthesized
by thermal decomposition of organic precursors obtained
by the redox reaction of polyalcohols and the mixture of
metal nitrates. Two polyalcohols were used: PVA, and for
the first time in nickel ferrite synthesis 1,4BG; the mixture
of 1,4BG with PVA was used in the third case. All pre-
cursors decomposed up to 350 °C leading to weakly
crystallized nickel ferrite. By thermal treatment at higher
temperatures, the ferrite was obtained as well-crystallized
powders, formed by spherical nanoparticles of about 50 nm
at 700 °C. The use of the mixture of 1,4BG and PVA,
leaded to a finer powder, with higher specific surface area.
In case of the nickel ferrite powder obtained from PVA
sintering took place at 1000 °C, visible even at 700 °C.
The magnetic properties of the nickel ferrite powders
obtained at 700 °C depend on the precursor nature, due to
the difference in powder morphology.
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