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Abstract This article presents a study on obtaining Ni, Zn
ferrite starting from Fe(III), Ni (I), Zn (II) nitrates and some
polyols: 1,2-propane diol, 1,3-propane diol and glycerol.
While heating, a redox reaction takes place between nitrate
anion and polyol, with formation of carboxylate type pre-
cursors. The obtained precursors have been investigated by
thermal analysis, FT-IR spectrometry and atomic absorption
spectroscopy. The thermal decomposition of the synthesized
precursors up to 350 °C leads to the formation of Ni, Zn
ferrite as unique phase, evidenced by XRD. The average
diameter of the ferrite crystallites, estimated from XRD data,
takes values within the range 20-50 nm, depending on the
annealing temperature. Transmission Electron Microscopy
has evidenced the obtaining of spherical, agglomerated
nanoparticles. The magnetic properties of the synthesized
samples, measured in cvasistatic magnetic field (50 Hz) are
characteristic for the Ni, Zn ferrite nanoparticles, with nar-
row hysteresis cycle and values of the saturation magneti-
zation <70 emu/g.
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Introduction

The current tendency of using oxidic materials as nano-
particles leaded to the permanent development of new
unconventional synthesis methods [1—4]. This is due to the
different properties of the nanomaterials compared to the
bulk material.

The thermal conversion of precursors is a frequently
used unconventional synthesis method. Coordination
compounds with carboxylate type ligands are an important
class of nanomaterial precursors. By thermal decomposi-
tion of these precursors, depending on the systems com-
position and thermal treatment, magnetic materials,
catalysts, pigments and luminophores may be obtained
[5-9].

The Ni—Zn ferrite represents a material of high tech-
nological importance and it has been the subject of many
scientific papers [10-13]. The Ni—Zn ferrite belongs to the
class of soft ferrimagnetic materials, with low magnetic
coercivity and resistivity, properties that make it an
excellent material with different applications in telecom-
munications, electronics, microwaves devices, magnetic
heads for reading digital equipments of high speed
[14-19].

In our previous studies we have obtained the Ni, Zn
ferrite by thermal decomposition of heteropolynuclear
coordination compounds formed in the redox reaction
between NOs;~ (from Fe(IIl), Ni(II), Zn(II) nitrates) and
ethylene glycol (EG) [20].

This article presents a study on obtaining Ni—Zn ferrite
nanoparticles using other polyols: 1,2-propane diol (1,2 PG),
1,3-propane diol (1,3 PG) and glycerol (GL) as reducing
agents in the redox reaction with NO5;™~ ions (from the
mixture of Fe(NO3)3, Ni(NO3), and Zn(NO3),). We studied
the redox reaction between each polyol and the mixture of
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metallic nitrates and the thermal decomposition of these
precursors in order to obtain the Nigg5Zng35Fe;O4 nano-
powders at low temperatures. Magnetic measurements
performed on the obtained powders have evidenced super-
paramagnetic behavior characteristic to magnetic Ni—Zn
ferrite nanoparticles.

Experimental

Analytically pure 1,2-propane diol, 1,3-propane diol,
glycerol and Fe(NOj), - 9 - HO, Ni(NOj3), - 6 - H,0,
Zn(NOj3), - 6 - H,O (supplied by Merck) were used as
reagents without further purification.

Nig ¢5Zn¢ 35Fe,04 ferrite was synthesized using a molar
ratio polyol: NO;~ = 1:1. The metallic nitrates were
solved in the corresponding polyol amount and diluted with
distilled water to 3 mol/L of NO3z~ concentration. The
obtained solutions were carefully heated on water bath,
when the redox reaction took place between nitrate ions
and polyol, forming a viscous reaction product containing
the corresponding metallic carboxylates. By maintaining
the product at 130 °C, we have obtained a solid, dried
product, which was washed with acetone in order to
remove the polyol excess.

Thus, there were synthesized forerunners starting from
the mixture of metallic nitrates with different polyols: D1
(with 1,2PG), D2 (with 1,3PG) and D3 (with GL).

The development of the redox reaction between metallic
nitrates and polyols was investigated by thermal analysis.
The obtained forerunners have been characterized by FT-IR
spectrometry, thermal analysis and absorption atomic
spectroscopy (AAS).

The obtained products D1, D2, D3 have been annealed
at different temperatures in order to obtain NiggsZng 3s.
Fe,O, ferrite as unique phase. The obtained powders
have been characterized by XRD, TEM and magnetic
measurements.

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 o-Al,O5 as inert material. The FT-IR
spectra were acquired over the range 400—4000 cm™ ', in
KBr pellets, with a JASCO 430 FT-IR spectrometer. AAS
analysis was performed with Aanalyst 800-Perkin Elmer.
Phase analysis was achieved with D8 Advance-Bruker
AXS diffractometer (samples obtained at 350 and 800 °C)
and with Dron 3 diffractometer (samples obtained at
400 °C) using Cu-K, radiation (Ac, = 1, 54056 A). The
TEM images were performed on a JEOL JEM 101
microscope. The behavior in external magnetic field of the
obtained nanocomposites was performed with an installa-
tion equipped with a data acquisition system.
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Results and discussion

Former studies on the redox reaction between metallic
nitrates and diols (EG, 1,2 PG, 1,3 PG) [9, 21] have shown
that diols oxidation products (carboxylate, hydrocarboxy-
late, dicarboxylate anions) coordinate to the metallic ions
forming coordination compounds.

The ligands nature and the formed complex depend on
the used polyol, on the metallic cations nature and on the
work conditions (concentration, acidity, heating conditions,
molar ratio NO5; : polyol). The studies on the redox
reaction between the NO;3;™ ion and different polyols have
shown that only the -H,C—OH (primary) groups are oxi-
dized in these conditions [21].

1,2-propanediol is oxidized by NO3™ ions to the lactate
anion (CH5—CH,(OH)-COO™) [24], while 1,3-propane diol
may oxidize to the 3-hidroxy-propionate anion (HO-CH,—
CH,—COQ") or to the malonate anion (" OOC—-CH,-COO™)
[21]. In case of glycerol, due to the three —OH groups, the
oxidation process is complex and leads to different oxida-
tion products (glyceric acid, glyceric aldehyde, hydrox-
ymalonic acid). Generally, it is difficult to obtain a unitary
oxidation product of glycerol [22]. The anions resulted in
the redox reaction, coordinate to the metallic ions present in
the system, forming coordination compounds.

The redox reaction between metallic nitrates mixture
and polyol was studied by thermal analysis, by deposing
the reactant mixture as film on Pt plates. Figure 1 presents
the obtained DTA curves.

In each case, two exothermic effects were registered on
the DTA curve. The first exothermic effect, in the range
60-90 °C, corresponds to the redox reaction NO3; ™ -polyol
with formation of coordinative compounds between the
oxidation products of the polyols and the metallic ions.
The second exothermic effect, in the range 250-350 °C,
corresponds to the oxidative decomposition of the formed
precursors. Based on thermal analysis data, we have
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Fig. 1 DTA curves of the mixtures Fe(III), Ni(II), Zn (II) nitrates—
polyols: D1 (1,2 PG), D2 (1,3 PG), D3 (GL)
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established 130 °C as optimal synthesis temperature for the
ferrite precursors D1, D2, D3.

Atomic absorption spectrometry was used in order to
verify the molar ratio of the three metallic ions: Fe:Ni:Zn,
in each precursor (Table 1). The results showed that the
metallic ions are present in the precursors in molar ratios
close to the introduced one (Fe:Ni:Zn = 2: 0.65:0.35).

The formation of the coordination compounds between
metallic ions and the carboxylate ligands was evidenced by
FT-IR spectrometry. Table 2 presents the bands of the char-
acteristic FT-IR spectra and their assignment for D1, D2, D3.

The strong band at 1620 cm ™" assigned to the vibration
vas (COO™) of the coordinated carboxylate group [23], the
band at 1360 cm ™' assigned to vy (COO™) [24] present in
all spectra evidenced the existence of the carboxylate group
coordinated to the metallic cations in all synthesized pre-
cursors. In case of precursors D1 and D3 synthesized with
1,2 PG and GL, in the spectra appears at 1090 cm™' a
supplementary band attributed to v(C-OH) vibrations,
characteristic for the secondary —OH group [21]. The value
of ~260 cm ™" for the difference A = v,(COO™) — v(COO™),
greater than the one corresponding to the sodium salts
(sodium lactate, sodium malonate, sodium glycerate,
(between 170-200 cm™') suggests that the carboxylate
group coordinates in a monodentate way [26].

Figures 2, 3, 4 present the TG and DTA curves regis-
tered for the synthesized precursors D1, D2 and D3.

In the range 20150 °C, the profiles of the TG and DTA
curves are similar, for all precursors, with little mass loss,
and no significant thermal effects, due to the dehydration
process. In the range 150-350 °C the oxidative decompo-
sition of the metallic complexes takes place, in several
steps. Our studies on the thermal decomposition of the
homonuclear compounds synthesized from each metallic
nitrate with each polyol showed that they decompose in
a single step, with an exothermic effect, in the ranges:
200-250 °C for Fe(IIl) compounds [27], 260-300 °C for
Ni(IT) compounds and 290-350 °C in case of Zn(Il) com-
pounds. The evolution of the thermal curves in the range
200-350 °C presented in Figs. 2,3,4 suggests the forma-
tion of a homogenous mixture of Fe(Ill), Ni(Il) and
Zn(I) homonuclear complexes. The thermal effects of the
decomposition of these compounds overlap, depending on
the ligands nature.

In case of precursors D1 (Fig. 2) and D2 (Fig. 3) the
thermal decomposition of Fe(IIl) and Ni(I) carboxylates
takes place up to 260 °C. Both, mass losses and thermal
effects of these steps partially overlap. The decomposition
of the Zn(Il) carboxylate takes place in the range
260-320 °C with a weak exothermic effect.

Table 1 Results of AAS analysis for the synthesized precursors D1, D2, D3

Precursor Mass percent/wt% Molar ratio Fe:Ni:Zn

Fe Ni Zn
D1 212 +£ 0.8 7.7+£0.5 41+£03 (2.00 £ 0.07):(0.69 £ 0.05):(0.33 £ 0.02)
D2 162 £ 0.4 53+£03 34£0.1 (2.00 £ 0.06):(0.64 £ 0.03):(0.38 & 0.02)
D3 125 £ 0.2 43 +£03 27 £0.1 (2.00 £ 0.04):(0.67 £ 0.05):(0.39 & 0.01)
Table 2 FT-IR bands corresponding to the precursors D1, D2, D3
Wavenumbers/cm ™' Assignment
D1 D2 D3
3393 3403 3395 v(OH) assoc.; [21]
2979, 2936, 2820 2954, 2887 2940, 2880 v(CH) [23]
1620 1619 1625 0as(COO™) [23, 24]
1359 1359 1360 0s(CO07) [24]
1316 1317 1316 v(C-0) + 6(0CO) [21]
1120 1241 - 6(OH) ROH + o(C-0) [25]
1085 1092 v(C-OH) [21]
1048 1059 1045 v(C-OH); v(OH) bridge [21]
920 930 920 v(C-C) [23]
825, 803 819, 806 821 6(OH) R-OH [30]; p(CH,) [21]
684 691 674, 663 p(H;0) [24]; v(M-O) [23]
610,591 6(0CO) [25]
489 489 488 v(M-0) [21]
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Fig. 2 TG and DTA curves of precursor D1
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Fig. 3 TG and DTA curves of precursor D2
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Fig. 4 TG and DTA curves of precursor D3

In case of precursor D3 (Fig. 4), synthesized with glyc-
erol, the mass loss takes place in a single step, in the range
150-230 °C, associated to a single exothermic effect at
225 °C. This can due to the oxidative decomposition of
the oxidation products mixture resulted in the redox reac-
tion between glycerol and Fe(IIl), Ni(II) nitrates. The
decomposition of the corresponding Zn compounds takes
place in the range 250-300 °C with a low exothermic effect.

All synthesized precursors decompose up to 350 °C
with formation of the mixed oxidic system. XRD analysis

@ Springer
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Fig. 5 XRD patterns of the thermal decomposition residues of (1) D2
and (2) D3 at 350 °C

of the residues at 350 °C resulted at thermal decomposition
of the synthesized precursors, evidenced Ni, Zn ferrite as
unique phase (Fig. 5). The formation of Ni, Zn ferrite at
low temperatures, by thermal decomposition of metallic
carboxylates is due to the enhanced reactivity of the oxides
mixture (y-Fe,05, NiO, ZnO). This can be explained by the
reducing atmosphere generated in situ during the oxidative
decomposition of the organic ligands. These conditions
promote the reduction of Fe(Ill) to Fe(Il) and Ni(Il) to
Ni(0) followed by the re-oxidation to highly reactive
y-Fe,03 [27] and NiO which react with ZnO leading to Ni,
Zn ferrite formation at 350 °C.

In order to obtain Ni—-Zn ferrite powders, the precursors
D1, D2, D3 were annealed at 400, 600 and 800 °C, for 3 h.
The XRD patterns of the samples annealed at 400 °C
(Fig. 6) evidence only the diffraction peaks characteristic
to the spinel phase of Ni—Zn ferrite. The crystallization
degree increases with the annealing temperature (600,
800 °C). At 800 °C the Ni, Zn ferrite appears well crys-
tallized in all cases (Fig. 7).
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Fig. 6 XRD patterns of the samples annealed at 400 °C: (1) D1, (2)
D2, (3) D3
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Fig. 7 XRD patterns of the samples annealed at 800 °C: (1) D1, (2)
D2, (3) D3

From the XRD patterns of the samples D1, D2, D3
annealed at 800 °C we have estimated the average diameter
(d) of the ferrite nanocrystallites as well as the network
parameter (ag). Because the Ni, Zn ferrite have a cubic
structure, the lattice parameter can be determined using
the plane-spacing equation a = djy(h* + k> + lz)l/ * where
djy is measured from the sinfy;, value in the Bragg equa-
tion 2dysinfy,,; = A for each reflection having the Miller
indices (hkl). The true value of the lattice parameter (a,) is
obtained by extrapolating the straight line of lattice param-
eter, for each 0, versus an extrapolation function of 0 to the
value corresponding to 0 (i.e. for § = 90°) [28]. The extrap-
olation function used in our work was COSZH/SiHH, taking into
consideration the diffraction peaks of the following crystal-
lattice planes: (220), (311), (400), (422), (511) and (440).
The crystallites size was calculated using the Scherrer rela-
tion, after the substraction of instrumental broadening and
taking into consideration the strain in the material. The size
of the network parameter (a,) and the average crystallites
size (D,,) for the samples annealed at 800 °C is presented in
Table 3.

The network parameter values for the obtained Niggs
Zng 3sFe,O4 powders, (Table 3) are comprised between
the value a = 8.339 A corrgsponding to NiFe,O, (JCPDS
10-0325) and a = 8.441 A corresponding to ZnFe,0y4
(JCPDS 22-1012), in agreement with the JPCDS-08-0234
for (Ni, Zn)Fe,0, (a = 8.399 A) [29].

Table 3 Network parameter (a,) and average crystallite size (D,,)
calculated for Ni, Zn ferrite obtained at 800 °C

Parameter Samples

D1 D2 D3
a, (A) 8.389 £ 0.004 8.387 £ 0.003 8.385 £ 0.002
D,, (nm) 47 £ 8 40 £ 7 47 £ 6

All Ni-Zn ferrite powders, obtained by annealing the
ferrite precursors at 400, 600, and 800°C, presented char-
acteristic magnetic properties. Figure 8 presents the mag-
netization curves at room temperature of the Ni—Zn
nanoferrite samples obtained at 800 °C. The values of the
saturation specific magnetization (65 + 70 emu/g) regis-
tered for Ni, Zn ferrite obtained from the precursors D1, D2
and D3 suggest that, at this temperature, the ferrite nano-
crystallites are agglomerated.
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Fig. 8 Magnetization curves of the samples annealed at 800 °C:
a D1, b D2, ¢ D3
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Fig. 9 TEM images of the samples D1 (a) and D2 (b) annealed at
800 °C

Figure 9 presents the TEM images obtained for the
samples D1 and D2, annealed at 800 °C. From the TEM
images we can observe that the particles are nearly
spherical, with diameters below 100 nm. These nanopar-
ticles are agglomerated and they are difficult to disperse.

Conclusions

Single-phase nanosized Niggs5Zng3sFe;O, ferrite has
been prepared at low temperature (350 °C) by thermal
decomposition of the carboxylate type precursors formed
in the redox reaction between the mixture of metallic
nitrates and different polyols (1,2 PG, 1,3 PG, GL). All
synthesized precursors, thermally decompose up to 350 °C,
when Ni, Zn ferrite forms, due to the enhanced reactivity of
the individual metallic oxides. By further thermal treat-
ments, at higher temperatures, Ni, Zn ferrite forms as
nanocrystallites with characteristic magnetic properties. In
conclusion, this precursors (metallic carboxylates) obtained
in the redox reaction between the corresponding metallic
nitrates and the studied polyols allow the preparation of
nanosized nickel-zinc ferrite at low temperature.
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