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A B S T R A C T

In present investigation, a systematic approach towards synthesis of nanocrystalline ferrites,
CoxNi0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4) has been reported by room temperature decomposition of
precursors, CoxNi0.6�xZn0.4Fe2 (C4H2O4)3�6N2H4 (x = 0.1 and 0.4). The precursor complexes were
characterized by Fourier transform infrared spectroscopy (FTIR), chemical analysis and thermal studies
like isothermal mass loss, total mass loss, thermogravimetry (TG), derivative of thermogravimetry (DTG)
and differential thermal analysis (DTA). The TG–DTG–DTA patterns of both precursors reveal multistep
decomposition with complete ferritization at 410 �C. The thermally decomposed products were
characterized by X-ray diffractometry (XRD) for phase purity. The FT-IR spectroscopy studies of the same
shows complete removal of all organic moieties from decomposed precursors. The nanophasic nature of
synthesized ferrites was confirmed by transmission electron microscopy (TEM) analysis as well as from
broadening of XRD peaks. The AC magnetization studies show the existence of single domain and
superparamagnetic particles, which supports nanosize particles distribution in the ferrite system under
study.
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1. Introduction

The research in synthesis of nanocrystalline materials with
desired geometry, size and stoichiometry is increasing day by day
due to different properties they show than the bulk. Actually, the
composition, cation distribution and particle size and shape are the
important factors responsible for deviation in structural and
magnetic properties [1–4] thereby opening doors of newer
applications in various areas of interest such as sensing of toxic
gases, medical field and in catalysis as magnetically recoverable
catalyst for organic transformation [5–8]. Materials, especially
magnetic ferrites are gaining attention of research groups from
different fields due to their application from nanometric scale to
bulk. Ferrites are known to posses high resistivity and low eddy
current loss which suites their candidature for higher frequency
applications [9,10]. The hunger for achieving desired characteristics
in ferrites has led to development of new synthetic strategies as well
as improvement in the existing ones. Various instrumental and
traditional wet chemical methods namely; combustion [11], sol-gel
[12–14], coprecipitation [15,16], spray pyrolysis [17], hydrothermal
synthesis [18], reverse micelle [19,20] and precursor [21–47] have
been successfully employed for synthesis of nanocrystalline ferrites
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with compositional control and size uniformity. Among these
methods, the precursor method is extensively explored by using
different carboxylates like citrates [21], malates [22], oxalates
[23,24] etc., which involves decomposing of metal carboxylates in
furnace above 400 �C to form nanocrystalline ferrite powder.
Moreover some metal carboxylate precursors, coordinated with
hydrazine has been found to undergo low temperature decomposi-
tion to metal oxides [25–49]. The present study describes systematic
investigation towards synthesis of one such precursor namely,
hydrazinated mixed metal fumarate and its decomposition to
corresponding nanocrystalline ferrites and also the role of hydrazine
in auto-decomposition of precursors.

2. Experimental

2.1. Synthesis

The hydrazinated mixed metal fumarates were synthesized by
adding aqueous mixture of metal chlorides to sodium fumarate–
hydrazine hydrate mixture, stirred for 2 h in N2 atmosphere. The
requisite amount of all the metal chloride mixture (except ferrous
chloride) was prepared in aqueous medium while ferrous chloride
solution was prepared fresh from iron powder and conc. HCl under
CO2 atmosphere. The analytical grade chemicals were used for
synthesis. The yellow precipitate formed was filtered, washed with
ethanol and dried with diethyl ether under suction. The above
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Table 1
Metal content and hydrazine analysis of CoxNi0.6�xZn0.4Fe2 (C4H2O4)3�6N2H4 (x = 0.1
and 0.4).

Composition
x

Mass%

Nickel Cobalt Zinc Iron Hydrazine

Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.

0.1 4.22 4.15 0.82 0.83 3.66 3.69 15.63 15.79 27.24 27.15
0.4 1.52 1.66 3.18 3.33 3.66 3.70 15.63 15.79 27.56 27.15

Fig. 2. TG–DTG–DTA plot of Co0.1Ni0.5Zn0.4Fe2 (C4H2O4)3�6N2H4.

S.G. Gawas, V.M.S. Verenkar / Thermochimica Acta 605 (2015) 16–21 17
procedure was repeated to precipitate both the complexes and can
be represented as follow.

MCl2(aq) + 2FeCl2(aq) + 3Na2C4H2O4(aq) + 6N2H4�H2O(aq) ! MFe2(-
C4H2O4)3�6N2H4(S) + 6NaCl(aq) + 6H2O(l) (M = Co2+, Ni2+,Zn2+)

2.2. Characterization

The hydrazinated mixed metal fumarate complexes were
analyzed for their stoichiometry based on standard methods of
analysis. The FT-IR studies of the precursors and their decomposed
end products were carried out on a FTIR Shimadzu IR Prestigue-21
Spectrophotometer, to confirm the presence of different organic
moieties and their linkage with metal ions in the complexes. The
hydrazine content was chemically analyzed by volumetric analysis
using 0.025 M KIO3 as titrant under Andrew’s condition [50].
Different metal content in precursor complexes were determined by
titrating with EDTA, after decomposing the known amount of
precursor in concentrated HCl followed by separation on column
[50,51]. The simultaneous thermogravimetric (TG), derivative of
thermogravimetry (DTG) and differential thermal analysis (DTA)
measurements of the precursor were recorded from RT to 810 �C on a
NETZSCH STA 409 PC (Luxx) analyzer. The experiments were carried
out in dry air at a purge rate of 60 mL per min and ramping rate of
10 �C per min with 10-15 mg of the samples in alumina cups. The
isothermal mass loss and total mass loss studies of the precursors
were also carried out at different pre-determined temperature based
on TG-DTA results. The structure and phase purity of the thermally
decomposed end product of the precursors were studied using
Rigaku Mini flex X-ray diffractometer with monochromatized Cu Ka
radiation filtered through Ni absorber. The morphology was studied
by transmission electron microscopy, taken from Philip’s-CM20
electron microscope. The AC susceptibility measurements were
Fig. 1. FTIR spectra of CoxNi0.6�xZn0.4Fe2 (C4H2O4)3�6N2H4 (x = 0.1 and 0.4).
carried out on DOSE AC susceptibility Setup standardized with
Nickel, operating at 5000Oe and supplied by ADEC Embedded
Technology and Solutions Pvt., Ltd., Corlim, Goa.

2.3. Thermal decomposition of the hydrazinated fumarate precursors

The precursor complexes were uniformly spread in a ceramic
clay dish and lighted with burning splinter. The precursor catches
fire and a red glow that subsequently formed spreads immediately
over the entire bulk to give auto-combusted nano-sized particles of
CoxNi0.6�xZn0.4Fe2O4. These CoxNi0.6�xZn0.4Fe2O4 powders were
further heated in air in a furnace at 450 �C for 5 h to remove any
residual carbon formed during the decomposition of complexes
and termed as “as prepared” ferrites in the following text.

3. Results and discussion

3.1. Chemical analysis and FTIR studies

The percentage content of different metals and hydrazine in
precursors has been tabulated in Table 1. The stoichiometry has
been assigned as, CoxNi0.6�xZn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.1 and
0.4) based on the observed percentage of hydrazine, cobalt, nickel,
zinc and iron which matches closely with the calculated values.
The FTIR spectrums of both precursor complexes (Fig. 1) are
identical and almost superimposable. Complexes show four bands
in the region 3190–3353 cm�1 which are characteristic of N—H
stretching frequencies. The observed N—N stretching frequencies
Fig. 3. TG–DTG–DTA plot of Co0.4Ni0.2Zn0.4Fe2 (C4H2O4)3�6N2H4.



Table 2
TG–DTA data of CoxNi0.6�xZn0.4Fe2 (C4H2O4)3�6N2H4 (x = 0.1 and 0.4).

x = 0.1 x = 0.4 Remarks

TG DTA TG DTA

Temp.
range (�C)

Mass
loss
(%)

Peak
(�C)

Temp.
range
(�C)

Mass
loss
(%)

Peak
(�C)

RT-100 6.76 – RT-100 7.12 74.5
(endo)

Loss of adsorbed hydrazine and/or moisture followed by total dehydrazination and beginning of
decarboxylation

100–220 23.16 171.6
(exo)

100–220 23.58 160.5
(exo)

220–410 37.80 330
(exo)

220–410 36.58 314
(exo)

Total decarboxylation
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at 970–975 cm�1 reveals clearly the bridging bidentate nature of
hydrazine ligands in both complexes [52–54]. The stretching
frequencies in the region of 1625–1630 cm�1 is due to C¼C
functional group in fumarate ion. The asymmetric and symmetric
stretching frequencies of carboxylate ions are seen in the region
1555–1550 cm�1 and 1385–1370 cm�1, respectively with Dn (nas
� ns) separation of 180–170 cm�1. This wide separation indicates
monodentate linkage of both carboxylate groups in the dianion
[32]. Thus, FTIR studies concluded that fumarate dianion
coordinates to the metal as bidentate ligand via both carboxylate
groups along with bridging bidentate hydrazine ligand.

3.2. Thermal decomposition studies

3.2.1. TG–DTG–DTA studies
Both CoxNi0.6�xZn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.1 and 0.4) pre-

cursors exhibit similar decomposition behavior under dry atmo-
sphere, as depicted in Figs. 2 and 3, respectively. Two step
exothermic decomposition pathways can be inferred from the
pattern, which includes dehydrazination as first exotherm which is
followed by oxidative decarboxylation, indicating complete
decomposition of precursors at 410 �C. The TG–DTG–DTA data of
precursors is summarized in Table 2. The thermogravimtric
analysis data show percent mass loss of 29.92% and 30.7%
corresponding to x = 0.1 and x = 0.4 from RT to 220 �C. These values
matches closely with theoretically calculated value for six
hydrazine molecules in proposed formula and hence can be
assigned for complete dehydrazination of precursors. However,
initial mass loss of 6.76% and 7.12% can be assigned for removal of
adsorbed hydrazine plus small amount moisture till 100 �C and
thereafter, complete dehydrazination of precursors at 220 �C with
23.16% and 23.58% mass loss for x = 0.1 and x = 0.4, respectively. The
differential thermal analysis (DTA) profile shows sharp exothermic
peaks at 171.6 �C corresponding to dehydrazination of composition
without any distinct peak for initial mass loss for x = 0.1, while for
x = 0.4, small endotherm is observed initially at 74.5 �C due to loss
of adsorbed hydrazine which is followed by exothermic peak due
to total dehydrazination at 160.5 �C. The adsorbed hydrazine for
x = 0.4 results in slight increase in hydrazine percentage and hence
slight decrease in percentages of other metals with respect to
theoretical ones (Table 2). In the second step of decomposition,
Table 3
Isothermal mass loss, hydrazine content and total mass loss analysis data of CoxNi0.6�x

Complexes
x

Isothermal mass loss (%)/hydrazine content (%) 

RT-70 �C 70–100 �C 100–125 �C 1

0.1 4.50/24.20 2.64/21.80 10.40/11.38 2
0.4 5.04/24.51 8.96/15.70 5.50/10.58 4
major mass loss of 36.58–37.80% from 220 �C to 410 �C is attributed
to oxidative decarboxylation of dehydrazinated precursors. Again,
DTA shows more intense, sharp exothermic peaks of decarboxyl-
ation in these temperature ranges at 330 �C and 314 �C for x = 0.1
and 0.4, respectively. The DTG trace supports the observation of
DTA trace. No peak in DTG indicates negligible mass loss beyond
410 �C. The total mass losses observed from TG traces and those
obtained from total decomposition studies in air, were in
agreement with theoretically calculated values considering
assigned stoichiometry to the precursors.

3.2.2. Isothermal mass loss and hydrazine estimation
Based on TG–DTG–DTA results, isothermal mass loss studies

were carried out on precursors at different set temperature in a
programmable electric oven and simultaneously estimated for
hydrazine loss. As can be seen from Table 3, the mass loss observed
from room temperature to 70 �C is between 4.5–5% and can be
considered for loss of hydrazine and adsorbed moisture. The
simultaneous estimation of hydrazine content shows compara-
tively lower values for hydrazine loss i.e., about 3.0–3.5% and hence
remaining loss at 70 �C corresponds to adsorbed moisture. When
these precursors were heated to 100 �C and then to 125 �C, showed
maximum loss of 13–14.5% altogether, corresponding to loss of
3.5–4 hydrazine molecules till 125 �C. Similarly hydrazine estima-
tion supports above mass loss in this temperature zone. Further
heating from 125 �C to 150 �C shows �2 to 4% mass loss due to
continuous dehydrazination. Finally beyond 150 �C, precursors
catches fire but rarely undergo complete combustion as exo-
thermicity of decomposition is lowered due to decrease in
hydrazine content during each step of isothermal mass loss
studies, thereby hindering the self propagating combustion.
Hence, when ignited with burning splinter, the precursor
decomposition process becomes continuous as presence of six
hydrazine molecules together in precursor provides high enough
exothermicity for the decomposition to be self propagating and
autocatalytic.

3.3. Characterization of decomposed product

All the decomposed precursors were characterized by X-ray
diffraction (XRD) spectroscopy and scanned in the region
Zn0.4Fe2 (C4H2O4)3�6N2H4 (x = 0.1 and 0.4).

Total mass loss (%)

25–150 �C Above 150 �C Obs. Calc.

.20/9.30 Precursor decomposed 66.70 66.47

.14/7.05 Precursor decomposed 67.50 66.47



Fig. 6. FTIR spectra of “as prepared” CoxNi0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4).
Fig. 4. XRD patterns of “as prepared” CoxNi0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4).
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of 20–80�. The X- ray diffraction patterns confirm the formation of
monophasic ferrite without any impurity phase as shown in Fig. 4.
All the peaks are well resolved and indexed to cubic spinel ferrite
system. The broadening of all reflection peaks indicates the small
crystallite size. The average crystallite size was calculated by using
full width at half-maximum (FWHM) of the diffraction peaks,
according to the Scherrer’s formula which was found to be in the
range of 25–30 nm for both the samples. The morphology of
samples was observed through TEM and electron diffraction (ED)
pattern (Fig. 5) shows crystalline nature of the samples. The TEM
shows particles with average diameter of 15–30 nm and are
comparable to the average crystallite sizes of 25–30 nm calculated
from XRD line broadening. In order to further confirm the phase
purity of “as-prepared” ferrites, the autocatalytic decomposed
products were also characterized by infrared spectroscopy in the
region of 4000–400 cm�1. As can be seen in the IR spectra of the
samples (Fig. 6), the peaks between 575–595 cm�1 and 405–
410 cm�1, are characteristic peaks of ferrites and can be assigned
to their tetrahedral and octahedral stretching vibrations [55,56].
Fig. 5. TEM image and ED pattern of “as prepa
Fig. 7 shows temperature dependence of normalized suscepti-
bility xT/xRT, wherein variation of AC susceptibility with tempera-
ture shows the co-existence of single domain and
superparamagnetic type of domain structure for both composi-
tions [57]. The presence of broad maxima in the curves indicates
the distribution of particle sizes in samples [58]. For x = 0.1,
normalized susceptibility increases slowly with temperature up to
the certain point called ‘blocking temperature’ and continuously
decreases above blocking temperature attaining zero magnetiza-
tion at Curie temperature (Tc = 410 �C). The small and steady
increase in susceptibility values and slow decrease with tailing
indicates presence of superparamagnetic type domains as majority
particles along with single domain particles [59]. For x = 0.4,
majority of particles are single domain, which shows reasonably
higher value increase in susceptibility with temperature and
decreases in the same way as observe for x = 0.1 to attain Curie
temperature (Tc = 365 �C). The above observation is supported by
TEM results, which shows comparatively smaller sized particles in
x = 0.1 than x = 0.4.
red” CoxNi0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4).



Fig. 7. Normalized susceptibility vs. temperature plot of “as prepared” Cox-
Ni0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4).
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4. Conclusion

1. The hydrazinated nickel cobalt zinc ferrous fumarate, Cox-
Ni0.6�xZn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.1 and 0.4) can be prepared
from sodium fumarate, metal chlorides and hydrazine hydrate in
nitrogen atmosphere at room temperature.

2. The chemical analysis, infrared spectral analysis and thermal
decomposition studies confirm the stoichiometry of precursor
as CoxNi0.6�xZn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.1 and 0.4). The
thermal decomposition (TG–DTG–DTA) studies indicate two
steps exothermic decomposition of precursors i.e., dehydrazi-
nation followed by oxidative decarboxylation which was proved
to provide exothermicity sufficient enough for decomposition to
be self propagating.

3. The XRD confirms the formation of single phase of “as prepared”
CoxNi0.6�xZn0.4Fe2O4 (x = 0.1 and 0.4) which was also well
supported by infrared spectroscopic studies. TEM images
confirmed the nanosize nature of “as prepared” CoxNi0.6�xZn0.4-

Fe2O4 (x = 0.1 and 0.4) with particle size in the range of 15–
30 nm.

4. AC susceptibility studies display along with Tc, the single
domain-superparamagnetic type behavior by the small particles
in both compositions.
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