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Abstract

This paper presents a study on preparation of the oxydic system Co,Fe, O, (x =0,5; 1,0; 1,5) as nanoparticles starting
from metalic nitrates (Co(NO,), - 6H,0, Fe(NO,), - 9H,0) and diols: 1,2 propanediol (OHCH,CH(OH)CH,) and 1,3
propanediol (OH(CH,),OH). During the heating of metal nitrates — diol solution, a redox reaction took place between
NO,™ anion and polyol, when —CH,-OH was oxidized at -COO™. The carboxylate anions, which resulted in the redox
reaction, reacted with Co(II) and Fe(III) cations to form coordinative compounds, that were used as precursors for the
Co,Fe, O, oxide system.

DTA curves of the solutions Co(NO,), - 6H,0, Fe(NO,), - 9H,0 — diol, showed two exothermic heat effects: at ~343 K,
corresponding to the redox reaction Fe(NO,), — diol and at ~ 388 K, due to the redox reaction Co(NO,), — diol. As a re-
sult of these redox reactions, a homogenous mixture of Fe(Ill) and Co(II) carboxylate compounds was obtained. These
oxides precursors have been characterized by thermal analysis and FT-IR spectrometry.

By thermal decomposition of the synthesized precursors at ~ 573 K, followed by annealing at 673 K, 973 K and 1273
K, CoFe,O, was obtained as single or predominant nanocrystalline phase depending on the x value, as evidenced by

XRD analysis.
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1. Introduction

Spinel oxides described by the general formula
AB,O,, with A and B representing tetrahedral and octahe-
dral sites exhibit interesting physical and chemical pro-
perties, depending on how the cations distribute among
the A and B sites, sometimes in more than one ionic va-
lence.!

Spinel iron-cobalt oxide compounds may find useful
applications in the change of thermoelectric power of co-
balt ferrite in the hydrogen-deuterium exchange reaction
or as catalysts for the hydrogen peroxide decomposition.”
Cobalt ferrite nanoparticles CoFe,O, are interesting be-
cause of their magneto-crystalline anisotropy, high coerci-
vity, moderate saturation magnetization, high chemical
stability, wear resistance and electric insulation.® These

properties indicate a high physical and chemical stability.
CoFe,O, presents applications in microproduction indu-
stry, high performance digital tapes, refrigerators, ferrof-
luids, intensifying of magnetic resonance, etc.*

Cobalt ferrite crystallizes in a partially inverse spi-
nel structure with the formula (CogzFe, ()[Co, sFe, ;10,,
and 8 depends on thermal history. Since the Fe’*, — Fe’*,
superexchange interaction differs from the Co**, — Fe**,
interaction, variation of the cation distribution over the A
and B sites in the spinel leads to different magnetic pro-
perties of the ferrite even for the same composition.’ The
methods reported in the literature for preparation of cobalt
ferrite nanoparticles with variable composition
(Co,Fe, O,) are: method of micro emulsions,’® co-preci-
pitation,” hydrothermal method,’” thermal decomposition
of some plrecursors,8 combustion reaction method,’ etc.
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Few studies have been reported in the literature on the
system (CoFe, O,) as nanoparticles for large x
(0.05-1.5) value ranges. These studies have followed the
magnetic properties of the system in order to understand
the high anisotropy of Co atoms in the spinel structure.’

In this paper we have studied the preparation of the
oxidic system Co Fe, O, for x = 0,5; 1,0; 1,5 starting
from a mixture of Fe(III), Co(II) nitrates and diol: 1,2 pro-
panediol (1,2 PG) and 1,3 propanediol (1,3 PG). During
the heating of this mixture a redox reaction takes place
between the nitrate ion and diol, when Co(II) and Fe(III)
carboxylates form, which are further used as precursors of
Co,Fe, O, oxides. We have studied the evolution of the
crystalline phases with the annealing temperature, depen-
ding on the Co/Fe ratio introduced in synthesis and on the
diols nature.

2. Experimental

The synthesis of Co(II) and Fe(III) carboxylate type
complexes, precursors of cobalt ferrite, was achieved by a
previously described method, based on the redox reaction
between the nitrate ion and diols.'®'! The progress of the
redox reaction was studied by thermogravimetric and dif-
ferential thermal analysis on a MOM Budapesta derivato-
graph, up to 773 K. The solution was disposed in thin la-
yer on Pt crucibles, for a sample mass of 100 mg, in static
air atmosphere, with a heating rate of 5 K/min and o-
AL, as refference material.

The precursors of cobalt ferrite were synthesized at
403 K using 1,2 PG and 1,3 PG for different molar ratios
Fe(NO,), : Co(NO,),, corresponding to the preparation of
the Co,Fe, O, system for (x = 0,5; 1,0;1,5) according to
table 1.

All synthesized precursors were analysed by FT-IR
spectrometry using a FT-IR Prestige-21, Shimadzu spec-
trometer, in the range 400—4000 cm™" analysis with a
MOM Budapesta derivatograph up to 800 K, using Pt cru-
cibles.

We have decomposed the precursors (P,—P,) at 573
K, 3 hours and annealed at 673 K, 973 K and 1273 K, for
3 hours in a Nabertherm furnace, in static air atmosphere.
The annealing products were characterized by XRD with

Table 1. Characteristics of the synthesized samples

a diffractometer D8 Advanced-Bruker AXS, using MoK,
(A, =0.7093 A) radiation and by FT-IR.

3. Results and Discussion

Our previous studies on the redox reaction Fe(NO,),
— diol and Co(NO,), - diol,'®!" have evidenced that this
reaction takes place at ~343 K for Fe(NO,), — diol and at
~393 K for Co(NO,), — diol with formation of Fe(III) and
Co(II) carboxylates type complexes.

In this paper, in order to obtain precursors of the sys-
tem Co, Fe, O,, we have started from the mixture of the
two metal nitrates (Fe(NO,), - 9H,0 and Co(NO,), -
6H,0) in different molar ratios and different diols (1,2PG
and 1,3PG), according to table 1.The thermal behaviour of
the metal nitrates (Fe(NO,),, Co(NO,),) and diol (1,2PG
and 1,3PG) solutions was studied by DTA and TG.

Figure 1 presents the thermal curves for the mixture
corresponding to the sample (P5) with 1,3 PG, at molar
ratio Fe(NO,), : Co(NO,), =2: 1.
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Figure 1. TG and DTA curves of the solution Co(NO,),-Fe(NO,),
-1,3PG

Three exothermic effects were registered on DTA
curve. The exothermic effect from 343 K (which overlaps
with the endothermic effect due to the elimination of cry-

Molar ratio

Molar ratio Calculated x value

Sample Diol Fe(NO,),:Co(NO,),  NO,": Diol °°r§§f;::ig‘f to
Pl 129G 511 05
P2 12 PG 21 1.0
vP3 12 PG 111 15
P4 13 PG 511 0.5
Ps 13 PG 21 1.0
P6 13 PG 111 15
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Figure 2. FT-IR spectra of the precursors P2 (1) and P5 (2) synthe-

sized at 403 K

a0

—EX0

DTA (a.u)

0

0
] (e
=204
A"‘D‘
9 G %W\
& ] 3
o &
T
[y
[
-804 DTA
300 400 500 [ 600 700 800

stal water) was attributed to the redox reaction Fe(NO,), -
1,3PG and the effect from 388 K corresponds to the redox
reaction Co(NO,), — 1,3PG.

The two stage evolution of the redox reaction in the
mixture metal nitrates-diols is explained by the fact that the
acvacation [Fe(HZO)é]3+ is a stronger acid than the acvaca-
tion [Co(H20)6]2+. As a result, the redox reaction with for-
mation of the corresponding iron carboxylates took place at
lower temperatures. The result of these redox reactions was
most probable the formation of a mixture of homonuclear
Fe(IIT) and Co(Il) carboxylates. The mass loss on TG, in
this range, is due to the elimination of volatile products re-
sulted in the redox reaction (H,O, NO,) and of the crystal
water of the metal nitrates. The exothermic effect from 573
K is attributed to the oxidative decomposition of the car-
boxylates mixture with elimination of CO, CO,, correspon-
ding to the mass loss in the range 523-573 K

All other synthesized samples exhibit similar TG
and DTA curves with exothermic effects which depend on
the ratio Fe(NO,),/ Co(NO,),. Based on thermal analysis
we have established 403 K as optimal synthesis tempera-
ture for the oxides precursors.
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Figure 3. TG and DTA of the precursors synthesized at 403 K: (a) P1 (1,2PG, x = 0.5); (b) P2(1,2PG, x = 1); (c) P4 (1,3PG, x = 0.5); (d) P5 (1,3PG,

x=1)
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The obtained precursors were characterized using
FT-IR analysis and thermal analysis. FT-IR analysis has
evidenced the formation of metal carboxylates in all
synthesized precursors. In figure 2 are presented the FT-
IR spectra for the samples P2 (with 1,2 PG) and P5 (with
1,3 PG) for a molar ratio Fe (II) : Co(II) = 2 :1 (corres-
ponding to cobalt ferrite CoFe,0,).

The presence of the carboxylate group coordinated
by the metal ions was evidenced by the characteristic
bands: at ~ 1600 cm™ the band attributed to the vibration
v, (COO") and in the range 1300 cm™ — 1400cm™ the
bands attributed to the vibrations v.COO™ (~1360 cm™)
and v (CO) + &(0OCO) (~1320 em™).12%0 In case of the
precursors synthesized with 1,2PG, a supplementary band
appears at ~ 1120 cm™, characteristic for the secondary
—OH group, which did not interact with the nitrate ion du-
ring the redox reaction."

The thermal behaviour of the synthesized precursors
was studied by thermal analysis (TG and DTA). Figure 3
(a, b, c,d) presents the DTA and TG curves recorded at air
heating up to 773 K, of the precursors synthesized with
1,2 PG (P1, P2) (figure 3(a) and 3(b)) and with 1,3PG (P4,
P5) (figure 3(c) and 3(d)).

TG and DTA curves show that the oxidative decom-
position of the precursors takes place in the range
573-673 K, in two stages. The exothermic effects on DTA
in this temperature range correspond to the decomposition
of the Fe(IIl) carboxylates (first effect) and Co(Il) car-

o oCoF ezo4

» - Fe.ZCI3

. (3)

O pio o o
(]

o 5 gl
l\‘“"h‘lu L_,'J‘JL o o, @
\"—“’“mv—a“\wu.

o ] uti
MMz o

1 20

Irtensity (a.u.)
C
— o
[ ]
a
o

30 | 0 50
2theta (*)

Figure 4. XRD patterns for the annealing products of the precursor
P2 at 573 K (1), 673 K (2),973 K (3), 1273 (4)

boxylates (second effect) with formation of the oxides
mixture. In the range 573-773 K the samples mass re-
mains constant.

Our previous studies on the thermal decomposition
of Fe(IlI) and Co(II) homonuclear carboxylates obtained
with diols, have evidenced the in situ generation of a redu-
cing atmosphere (CO) during the decomposition.'®!! This
atmosphere determines the partial reduction of Fe(IIl) to
Fe(Il) and of Co(Il) to Co(0) with re-oxidation to
¥-Fe,0,,'" and to Co,0, or Co0,'" in amorphous, very
reactive state. These redox processes influence the obtai-
ning of the Co,Fe, O, system.

Based on the thermal analysis data, the synthesized
precursors were thermally decomposed at 573 K, 3 hours.
In order to determine the evolution of the oxidic system
Co,Fe, O, (x=0,5; 1,0; 1,5) with the annealing tempera-
ture, the decomposition products were annealed at 573 K,
673 K, 973 K and 1273 K, for 3 hours. All samples were
characterized by XRD and FT-IR.

In figure 4 are presented the XRD patterns for the
sample P2 (with 1,2PG; x = 1) thermally treated at 573 K,
673 K, 973 K and 1273 K.

The XRD pattern for the decomposition product of
the precursor P2 at 573 K (Figure.4 (1)) presented diffrac-
tion peaks characteristic to the spinel phases. The large
and assymetric bands suggest the existence of other spinel
phases (y-Fe,O, and Co,0,) besides cobalt ferrite. By
further annealing at 673 K, no significant changes can be
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Figure 5. XRD patterns for the annealing products of the precursor
P5at 573 K (1), 673 K (2), 973 K (3), 1273 K (4)
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observed regarding the nature and the crystalliztion de-
gree of the oxides phases (Figure. 4, (2)).

The XRD pattern of the sample annealed at 973 K
(figure.4, (3)) evidences besides the main crystalline pha-
se CoFe,0,, the hexagonal a-Fe,O, secondary phase. The
later crystallises above 773 K from the spinel phase -
FeZO3,ll which forms at low temperatures (573, 673 K).
Pattern (4) of the sample annealed at 1273 K evidences
the quantitative formation of CoFe,O, as sole phase. At
this temperature Co,0, turns to CoO which reacts with o-
Fe,O, to give cobalt ferrite. This confirmed the existence
of Co,0, in the powders obtained at lower temperatures.

Figure 5 presents the diffraction patterns of the pow-
ders obtained by annealing at 573 K, 673 K, 973 K and
1273 K of the precursor P5 (with 1,3PG, x = 1).The pre-
sented spectra evidence a single crystalline phase: Co-
Fe,O, spinel. The formation of cobalt ferrite as single
phase starting with 573 K is due to the strong reducing at-
mosphere (CO) generated during decomposition, when
amorphous, very reactive CoO and y-Fe,O, form.'”!" The-
se phases interact at 573 K with quantitative formation of
cobalt ferrite. The crystallization degree of cobalt ferrite
increases with the annealing temperature.

From XRD data corresponding to the patterns presen-
ted in figures 4 and 5 we have estimated using the Scherrer
equation, the mean diameters of the cobalt ferrite crystalli-
tes obtained at different temperatures from precursors P2
and P5. The obtained values are presented in table 2.
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Figure 6. FT-IR spectra of the anneling products of the precursor
P2 at 573 K (1), 673 K (2), 973 K (3), 1273 K (4)

Table 2. Mean diameter values of the cobalt ferrite crystallites

Temperature (K) Mean diameter (nm)

P2 P2

573 - 8
673 - 8
973 13 15
1273 18 20

The samples studied by XRD were also analyzed by
FT-IR. The FT-IR spectra of the samples obtained by an-
nealing the precursor P2 (x = 1) at different temperatures
are presented in figure 6. Spectra (1) and (2) of the pro-
ducts annealed at 573 K and 673 K showed a strong band
arround 500-600 cm™' characteristic to metal-oxygen
bonds. This band with minimum at 580 cm™' and shoulder
at ~670 cm™' confirms the existence of y-Fe,0, and Co,0,
besides CoFe,0,."*"> Spectrum (3) of the sample annea-
led at 973 K exhibits a supplementary band at ~460 cm™!,
characteristic to the vibrations v(Fe — O) in (X-F6203,|6
along with the intense band from ~580 cm™. Spectrum (4)
of the sample P2 annealed at 1273 K exhibits a symmetric
strong band at 560 cm™', characteristic to cobalt ferrite
CoFe,0,,"” sole phase at this temperature.

FT-1R spectra of the samples obtained by annealing
the precursor PS5 (x = 1) are presented in figure 7. All spec-
tra have evidenced the presence of CoFe,O, by the intense
symmetric band from 585 cm™. In conclusion, the FT-IR
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Figure 7. FT-IR spectra of the annealing products of the precursor
P5at 573 K (1), 673 K (2), 973 K (3), 1273 K (4)
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Figure 8. XRD patterns for the samples Plannealed at different
temperatures: 573 K (1); 673 K (2); 973 K (3); 1273 (4)

study on the ferritic precursors of the annealing products
from different temperatures confirmed the XRD study.

For x # 1, XRD analysis has evidenced the existence
of other secondary phases besides cobalt ferrite. Figure 8
presents the XRD patterns of the samples obtained by an-
nealing the precursor P1 (with 1,2PG, x = 0.5). The presen-
ted XRD patterns showed that the samples annealed at 573
K and 673 K (spectra 1 and 2) contains spinel phases (super-
posed lines of CoFe,O, and y-Fe,O, corresponding to the
iron excess). Patterns (3) and (4) corresponding to the sam-
ples annealed at 973 K and 1273 K have evidenced the pre-
sence besides the spinel CoFe,O, of the secondary phase o-
Fe, O, (formed by transformation of y-Fe,O,). The same cry-
stalline phases were evidenced in case of the samples obtai-
ned by annealing of precursor P4 (with 1,3PG, x =0.5).

XRD patterns of the samples P3 (with 1,2PG) and
P4 (with 1,3PG) with x = 1.5 are presented in figures 9
and 10. Spectra (1), (2) and (3) of the samples P3 annea-
led at 573 K, 673 K and 973 K and 1273 K presented in fi-
gure 9, evidence the lines of spinel phases: CoFe,O, and
Co,0, (corresponding to the cobalt excess).

Pattern (4) of the sample annealed at 1273 K eviden-
ced the diffraction peak characteristic to CoFe,O, and al-
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Figure 9. XRD patterns for the samples P3 annealed at different
temperatures: 573 K (1); 673 K (2); 973 K (3); 1273 K (4)

so to CoO, which results from the transformation at ~1173
K of Co,0,. The RX diffraction peaks of CoO are very
close to the ones of CoFe,O,, so that they cannot be evi-
denced in the XRD pattern.

In case of sample P6 (with 1,3 PG) (figure 10) the li-
nes characteristic to the spinel phase Co,0, are weakly
evidenced only in the XRD pattern of the sample annealed
at 973 K. The strong reducing atmosphere formed during
the thermal decomposition of the precursor with 1,3 PG
maintains the oxidation state of CoO at low temperatures
(573 K, 673 K).!! This presumption explains the crystalli-
zation of Co,0, at higher temperature.

Pattern (4) (figure 10) of the sample annealed at 1273
K is similar with the one presented in figure 9 (pattern (4)).

4. Conclusions

The presented study, regarding the obtaining of
Co,Fe, O, system, has shown that the synthesis method
used by us allows the preparation of cobalt ferrite Co-
Fe,O, as nanocrystallites in certain working conditions.
For x = 1, we have obtained CoFe,O, as sole nanocrystal-
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Figure 10. XRD patterns for the samples P6 annealed at different
temperatures: 573 K (1); 673 K (2); 973 K (3); 1273 K (4)

line phase starting from 573 K, in case of the precursors
synthesized with 1,3 propanediol. In case of the precursor
synthesized with 1,2 propanediol cobalt ferrite forms
quantitatively at 1273 K, due to Co,0, formed at low tem-
peratures during the decomposition of the precursor.

Independent on the precursors nature, for x # 1
(Co Fe, ,O,) we have obtained besides cobalt ferrite (Co-
Fe,0,) the secondary phases: Fe,O, (for x < 1) and Co,0,
(forx > 1).
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Studirali smo sintezo faz oksidnega sistema Co,Fe, O, (x = 0,5; 1,0; 1,5) v obliki nanodelcev iz kovinskih nitratov
(Co(NO,), - 6H,0, Fe(NO,), - 9H,0) in diolov 1,2 propanediol (OHCH,CH(OH)CH,) in 1,3 propanediol
(OH(CH,),0H). Med segrevanjem raztopin nitratov in diolov potece redoks med NO,™ anionom in diolom z oksidacijo
—CH,—OH v karboksilat -COO". Nastali karboksilat tvori z Co(Il) in Fe(IIl) kationi koordinacijske spojine, ki so
prekurzorji za Co Fe, O, oksidni sistem. DTA krivulje raztopin Co(NO,), - 6H,0, Fe(NO,), - 9H,0 — diol imajo dva
endotermna efekta: prvi pri ~343 K ustreza reakciji Fe(NO,), — diol in drugi pri ~388 K ustreza reakciji Co(NO,), — di-
ol. Pri redoks reakciji nastane homogena zmes Fe(Ill) in Co(Il) karboksilatatov, ki smo jo karakterizirali s termi¢no
analizo in FT-IR. Termi¢ni razpad karboksilatov pri ~ 573 K, ki mu sledi segrevanje na 673 K, 973 K and 1273 K daje
Co,Fe, O, kot edino ali prevladujoco nanokristalini¢no fazo, odvisno od x vrednosti, kot smo dolocili z rentgenskimi

praskovnimi posnetki.
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