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THERMAL INVESTIGATIONS OF NICKEL-ZINC FERRITES
FORMATION FROM MALATE COORDINATION COMPOUNDS

* . . . .
Oana Carp , Luminita Patron, G. Pascu, loana Mindru and N. Stanica
Institute of Physical Chemistry ‘I. G. Murgulescu’, Splaiul Independentei nr. 202, sector 6, Bucharest, Romania

Nickel-zinc ferrites have been synthesized via thermal decomposition of polynuclear coordination compounds containing as ligand
the anion of malic acid, namely (NHy4)[Fe,Ni,Zn; (C4H405)(OH);]-nH,0 (x=0.25, 0.5 and 0.75, n=3 and 5). A comparison between
the thermal behaviour of the studied polynuclear coordination compounds is inferred. Fe,Ni,Zn; (O, (x=0.25, 0.5 and 0.75) ferrites

with mean particle sizes of 65-85 A and free from other phases are formed after a heating treatment of only one hour at 500°C.
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Introduction

Nickel-zinc ferrites are a well-known class of techno-
logically important soft ferrites, due to their low mag-
netic coercivity, high resistivity values [1] and little
eddy current loss in high-frequency operations
(10-500 MHz) [2].

The synthesis of Fe,Ni,Zn; (O, ferrites has to
solve two major problems. The first is related to the
presence of zinc. The volatilization of zinc at high
temperatures changes the desired stoichiometry and
also leads to Fe*” formation, thereby increasing the
electron hopping and reducing the resistivity. The
second is connected with the presence of three differ-
ent cations, which may determine a greater variety of
intermediate phases.

The solid-state synthesis from individual oxides
of these ferrites is associated with the formation of
simple ferrites (Fe,ZnO4 and Fe,NiO,4) as intermedi-
ates [3]. Starting from homogenous nickel-zinc—iron
oxalates solid solution a homogenous ferrite may be
obtained only above 750°C [4, 5]. At lower tempera-
tures (400-750°C), areas rich in nickel and zinc are
identified [4].

The spinel ferrite phases prepared hydrothermally
from the coprecipitated hydroxide precursors contain
either the individual ferrites or defect, non-stoichio-
metric oxides, dissimilar to their high-temperature
analogous formed at ~1000°C [6, 7]. These cation defi-
cient ferrimagnetic spinel phases may be considered as
precursors of real stoichiometric ferrites, which are
formed at ~850°C [7]. Recently, the literature reports a
variant of this method where ferrites with particle sizes
of 3—15 nm are obtained.
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Although the temperature of obtaining a pure
Fe,NigsZng 5O, ferrite by a variant of the combustion
method is relatively high (1100°C), a mixed oxide
with a surface area of 44.26 m* gf1 is obtained [8]. A
citrate method [9], leads to NiZn ferrites with a resis-
tivity of <10*Q, higher by at least two orders of mag-
nitude than the reported one for ferrites prepared by
conventional ceramic method [10, 11].

One of the unconventional routes to oxide materi-
als is the use for synthetic gains coordination com-
pounds (mono- and polynuclear). Thus, the exploita-
tion of monocarboxylic, polycarboxylic and hydroxo-
carboxylic acid anions as ligands, leads to a wide vari-
ety of ordered molecular precursors, which decompose
with evolving nontoxic compounds (H,O and CO,) at
low temperature, leading to simple and mixed oxides.

The present article, which is part of a systematic
study on mono- and polynuclear coordination com-
pounds with malic anion as ligand [12—-18], shows the
possibility of nickel-zinc ferrites synthesis by the
thermal decomposition of such compounds.

Experimental
Precursors preparation

As starting materials, Fe(NO;);-9H,0, Ni(NO;),-
6H,0, Zn(CH3COQO), and malic acid of reagent grade
(Merck), in a ratio 2Fe(Ill):1Me(Il) (NiZ® and
Zn>" ):4malic acid are used. Metallic salts 2 mmol
(0.808 g) of Fe(NO;);9H,0 and 1 mmol M*
(0.072/0.145/0.218 g of Ni(NO;),:6H,O and
0.137/0.091/0.045 g Zn(CH3COQ),) are dissolved in
a minimum amount of distilled water (50 mL). Sepa-
rately 4 mmol of malic acid (0.536 g) are dissolved.
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Subsequently, the two solutions are mixed, tempted at
~60°C. At the cooled solution, methanol is added.
The precipitation begins. For a complete precipitation
the pH is adjusted to 5—6 with a NH4,OH 25%:metha-
nol 1:1 solution. Afterward, the precipitates were fil-
tered, washed with methanol and vacuum dried.

Characterization

IR spectra (400—4000 em') are recorded with a
BIO-RAD FTIR 125 type spectrophotometer in KBr
pellets. The crystalline phases in the calcinated pow-
ders are identified by XRD powder methods using a
Seifert X-ray diffractometer (CuK, radiation).
Si0,-a-quartz was used as internal standard. Diffrac-
tion peaks are fitted assuming Voight-function for the
peak profile. A simplified least squares procedure
(Savitsky—Golay) is applied in order to smooth the
primary XRD collected data. The background is
treated as a linear function. For the determination of
the average crystallites size it has been used the
Scherrer formula D=0.91\/(BcosO), where D is the
crystallite size, A the wavelength (Cuk,), B the cor-
rected half-width obtained using a-quartz as refer-
ence and the Warren formula, and 6 the diffraction
angle of [311] diffraction peaks [19].

The thermal measurements (TG, DTG, DSC) are
performed using a Netzsch STA/PG/PC device in a dy-
namic synthetic air atmosphere, gas flow 15 cm® min
at a heating rate of 5 K min ', The magnetic properties
(the magnetic susceptibility and the saturation magne-
tization) at room temperature are determined using a
Faraday balance with Ni as calibrant.

Results and discussion

From the system Fe’—Ni*"—Zn*"—malic acid the fol-
lowing coordination compounds are isolated:

(NH4)[FCzNi0_252n0<75(C4H405)(OH)3] . 5H20 (I)
(NH4) [F62N105Zn05(C4H405)(OH)3]3H20 (II)
(NH4)[F62N10752H025(C4H405)(OH)3] 3H20 (III)

The IR spectra of the synthesized compounds
(Fig. 1) suggest that malic acid is coordinated to the
metal ions through both its two COO and C—OH
groups. This statement is supported by the split of the
free acid carboxylic group band (~1730 cm™') into
two strong bands characteristic for coordinated
carboxylic ~ group  [20],  (Vasocoy~1600  and
Vsocoy~1380-1390 cm’l) and by the shift towards
lower frequencies (1120 — 1040-1100 cm™") of the
band assigned to vc_on.
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Fig. 1 IR spectra of the three coordination compounds;
a— (NHy)[Fe;Nig 25Zng 75(C4H405)(OH);]-5H,0,
b — (NHy4)[Fe;Nig sZng s(C4H4O05)(OH)3]-3H,0,
¢ — (NH4)[Fe;Nig75Zng 25(C4H405)(OH)3]-3H,0

The three compounds underwent multistep de-
compositions in the temperature range 50-560°C
(Fig. 2). The experimental mass loss recorded by TG
measurements is 66.84/66.12/65.40% ((I)/(11)/(111)
compounds) in comparison with the theoretical values
0f 67.23/65.69/65.85% when assumes the solid resid-
ual to be Fe;NiyZn; ,O4 (x=0.25, 0.50 and 0.75).

Three decomposition regions characterize the
thermal decompositions of the three coordination
compounds. The first one, (44.1-174.2/50.1-159.4/
44.2-144.2°C, (I)/(11)/(I1T) compounds) is associated
with an endothermic effect and assigned to dehydra-
tion and deamination (mass loss experimental/theo-
retical: 16.24/16.99, 12.49/12.08, 13.37/13.79% for
(D/(I1)/(I1T) compounds).

The second decomposition region, (174.2-374.4/
159.4-359.5/144.2-324.4°C, (I)/(I1)/(1IT) compounds),
represents the oxidative fragmentation of the malate
ion via a malonate intermediate. A reaction mixture
containing Ni, NiCOs, iron oxides and hydroxides and
zinc  hydroxo-carbonate, probable hydrozincite
[Zns(CO3)2(OHg)] is formed. The IR investigations of
the reaction intermediates confirmed the presence of
CO? group, (~1400 and ~670 cm™') and HO ™ group
(~3650, ~1730 and ~1100 cm'). A higher content of
nickel in the coordination compound lowers the final
temperature of this decomposition step. The experi-
mental mass losses corresponding to the malonate in-
termediate formation are in good agreement with the
theoretical ones (experimental 12.83/13.74/14.17%
and theoretical 12.32/12.99/13.02% for (I)/(I1)/(III)
compounds). The presence of malonates as intermedi-
ates of malates decomposition is reported by earlier
studies [13, 14, 16, 17].

The third decomposition region is dependent on
the relative ratio of the two M*" contained in precur-
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Fig. 2 TG curves registered at a heating rate of 5°C min™" for
the three coordination compounds:
a — (NHy)[Fe;Nig25Zng.75(C4HaO5)(OH)3]-5H,0,
b — (NHy)[Fe,Ni sZng 5(C4H405)(OH)3]-3H,0,
¢ — (NHy)[Fe;Nig75Zn0.25(C4H4O5)(OH)3]-3H,0

sors. A lower content of Ni*" (compound (I)) is asso-
ciated with a two-stepped thermal decomposition
(399.4-479.4 and 479.43-544.3°C) assigned mainly
to the thermal decomposition of the NiCO; and re-
spective [Zns(CO3),(OHg)] present in decomposition
product. At an equal content of zinc and nickel, a sin-
gle well-distinctive decomposition step assigned to
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NiCO; decomposition is identified (359.5-554.4°C).
In the case of the coordination compound precursor of
Fe,Nig 75202504, a mass gain (354.4—414.4°C) fol-
lowed by a mass loss (414.4-559.3°C) is identified.
The mass gain (0.4%, corresponding to the addition
of 0.086 oxygen moles), supports the assumption that
the sample underwent an oxidizing reaction and may
be explained as following: NiO formed during the de-
composition promotes oxidation of carbon containing
materials being concomitant reduced to Ni. Since the
process is conducted in air, the metal undergoes a
rapid reoxidation. A similar comportment at heating
is registered for the nickel mononuclear coordination
compound containing malate as anion ligand [15].
The registered subsequent mass loss may be attrib-
uted to the decomposition of the formed NiCOs.

Nickel-zinc ferrites is identified as single prod-
uct (Fig. 3) after a relative mild heating treatment
(1 h—=500°C) in comparatively with the literature data
[7, 8, 21]. The mean crystallite particle sizes calcu-
lated with Sherrer formula using [311] diffraction
peaks are 83/84/65 A for Fe;Nig)sZng7504/
FezNi()‘7SZno_2504/FezNi0,7SZn0‘2504 ferrites.

The saturation magnetization values of the ob-
tained mixed oxides (Fig. 4) are 13.00, 17.79 and
25.50 emu g ' for Fe,Nig5Zn7504/Fe;Nig 7572504/
Fe,Nig75Zng 250, ferrites respectively, lower than the
literature reported ones for the corresponding bulk fer-
rites [22]. This reduction of the magnetization could be
related to the nano-nature of the ferrite particles. It is
known that the magnetic state of the ions in the particle
surface area is different from the state in the bulk, and
since the surface of so small particles is very large, the
contribution of this ‘surface’ spins to the measured
magnetic properties becomes substantial [23].
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Fig. 3 X-ray diffraction patterns of the mixed oxides obtained af-
ter a heating treatment 1 h—500°C; a — Fe;Nig 25217504,
b — FeaNig 752102504, ¢ — FeaNig 757002504
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