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ABSTRACT

The role of ceria doping (0.75 - 3 mol%) on solid-solid interactions between ferric and cobaltic oxides was investigated.
The investigated solids were characterized by TGA, DTA, XRD and HRTEM. The results revealed that ceria much en-
hanced the formation of nanosized CoFe,O, (10 - 30 nm). The stimulation effect of ceria towards cobalt ferrite forma-
tion was evidenced from analysis of DTA and XRD investigations. In fact, the area of endothermic peak located at
575°C - 680°C relative to solid-solid interaction between ferric and cobaltic oxide increased by increasing the dopant
concentration. This treatment decreased the activation energy of formation of the produced ferrite from 33 - 9.2 kJ/mol
upon doping with 3 mol% CeO,. HRTEM analysis revealed the formation of homogenous nanosized CoFe,O4. The
formation effect of ceria dopant towards the formation of CoFe,O,4 has been tentatively attributed to an effective in-

crease in the mobility of the reacting cations.
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1. Introduction

Transition metal ferrites are commonly prepared by ce-
ramic and chemical methods. The ceramic method re-
quires heating ferric oxide with a transition metal oxides
or carbonates at elevated temperatures above 900°C
[1-11]. While, the chemical method requires thermal
treatment at moderate temperatures (400°C - 600°C) of
iron and transition metals mixed hydroxides or carbon-
ates prepared by coprecipitation [12,13]. The ferrites
prepared by chemical method might exist as active cata-
lysts because of their existences as finely divided metal
ferrites.

The solid-solid interactions between Fe,O; and the
transition metal oxide to produce the corresponding fer-
rite is normally controlled by the thermal diffusion of the
reacting cations through the whole mass of each solid as
well as the initially formed ferrite film covering the sur-
faces of the grains of each oxide [8,9]. Ferrites are im-
portant components in the latest electronic products such
as cellular phones, video cameras, notebook computers,
hard and floppy drives etc and those that require small
dimensions, light weight and better functions [14-16].
These ferrites have found application as contrast agents
for magnetic resonance imaging (MRI) due to enhance-

"Corresponding author.

Copyright © 2013 SciRes.

ment of relaxivity [17],in ferrofluid technology for MRI
monitoring in hypothermia [18,19], and in cancer tumor
detection via superconducting quantum interference de-
vice (SQUID) magnetometry [20-23].

The solid-solid interactions between ferric oxide and
transition metal oxide to produce the corresponding fer-
rite could be enhanced or stimulated via doping with
certain foreign oxides. The role of doping with Li,O,
Na,0, ZnO, Al,03, La,0;, and ZrO, in the enhancement
of the ferrite formations made the object of several in-
vestigations carried out by El-Shobaky et al. [1-12]. The
stimulation effect of the dopant added on the ferrite for-
mation has been suggested for due to an effective in-
crease in the mobility of the reacting cations involved in
the ferrite formation.

The stimulation effect of various dopants in the en-
hancement of formation of transition metal ferrite has
been monitored by calculating the activation energy of
formation of these ferrites. This method has been sug-
gested earlier by El-Shobaky et al. [8] by making use of
XRD results. These results included the peak area of the
main diffraction peaks of the investigated ferrite as be-
ing influenced by dopant concentration and calcination
temperatures. The validity of this method has been con-
firmed later by following up the magnetic properties of
pure and ZnO-doped CdO and Fe,O; yielding CdFe,O,
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[15].

It is well known that CeO,-dopant for a variety of
catalytic systems promotes oxygen vacancies. This va-
cancies increased oxygen storage capacity of the doped
solids. So, CeO,-doping increase the mobility of react-
ing cations involved in the solid-solid interaction be-
tween different components of solids [23].

The present work aimed at investigating the solid-solid
interactions between ferric oxide and cobaltic oxide as
being influenced by doping with small amounts of CeO,
and calcination at temperatures within 500°C - 700°C.
Ferric and cobaltic mixed oxides were prepared by
thermal decomposition at 500°C - 700°C of their mixed
carbonates obtained by coprecipitation. Pure and vari-
ously CeO,-doped solids were characterized by using
XRD, TGA, DTA and HRTEM.

2. Experimental
2.1. Materials

All chemicals employed were of analytical grade and
supplied by BDH company. Cobalt ferrites CoFe,Oy
were prepared using wet chemical coprecipitation route.

The nitrates of cobalt [Co(NO,),-6H,0] and iron

[ Fe(NO,), -9H,0 | were dissolved in distilled water at

the designated molar ratio (Fe/Co=2). Aqueous solu-
tion of 1M Na,CO;3 was used as the precipitating agent.
The metal nitrate solutions and the Na,COj; solution were
added dropwise from three separate burettes into a reac-
tion vessels containing 1 L of distilled water under me-
chanical stirring. The mode of coprecipitation was car-
ried out by taking 25 ml of ferric nitrate solution fol-
lowed by dropwise addition of Na,CO; solution till com-
plete coprecipitation of the ferric carbonate. This process
was followed by dropwise addition of 50 ml of cobalt
nitrate solution and 25 ml of ferric nitrate solution with
vigorous stirring till complete coprecipitation of all
mixed carbonates. The rate of addition was controlled in
order to maintain a constant pH = 8 during the co-pre-
cipitation process. Coprecipitation was thermostated at
the desired temperature (70°C). The precipitate was
washed till free from NO; and Na' ions. It was then
filtered, dried at 100°C overnight then calcined at 500°C,
600°C and 700°C for 5 h to achieve transformation into
spinel phase.

Samples doped with cerium were obtained by treating
a known mass of finely powdered mixed carbonates pre-
pared by coprecipitation with a calculated amount of
cerium ammonium nitrate dissolved in the least amounts
of distilled water necessary to make a paste. The paste
was dried at 100°C to constant weight and then calcined
at 500°C, 600°C and 700°C for 5 h. The nominal concen-
tration of cerium in the doped samples expressed as
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mol% CeO, was 0.75, 1.5 and 3, respectively.

2.2. Techniques

Differential Thermal Analysis (DTA) of pure and doped
uncalcined solids was carried out using Perkin-Elmer
DTA thermal analyzer. A 10 mg solid specimen was
taken in each experiment. The rate of heating was kept at
10°C/min. Thermogravimetry (TGA) was carried out
using Perkin-Elmer (TGA7) thermogravimetric analyzer,
the rate of heating was kept at 10°C-min"". A 10 mg sam-
ple of solid specimen was used in each case. DTA and
TGA curves of various uncalcined samples were deter-
mined by heating in a current of pure nitrogen flowing at
rate of 20 cc/min in a temperature ranged between room
temperature to 1000°C.

X-ray powder diffractograms of various investigated
samples calcined at 400°C, 500°C and 600°C were de-
termined using a Brukerdiffractometer (Bruker D 8 ad-
vance target). The patterns were run with copper K, with
secondly monochromator (1= 1.5405 A) at 40 kV and 40
mA. The scanning rate was 8° and 0.8° in 26-min™" for
phase identification and line broadening profile analysis,
respectively. The crystallite size of the phases present in
pure and variously CeO,-doped solids was determined
using the Scherrer equation [24]:

d = KA/, cos6

where d is the mean crystallite diameter, 4 is the X-ray
wave length of the incident beam, K is the Scherrer con-
stant (0.89), f, is the full width at half maximum
(FWHM) of the main diffraction peaks of the investi-
gated phases, in radian and @ is the diffraction angle.

The nano structure of the samples was examined using
very dilute suspensions in water by the aid of JEOL-
2100 high resolution transmission electron microscope
(HRTEM) with accelerating voltage up to 200 kV. The
microscopy probes of the sample was prepared by adding
a small drop of the water dispersions onto a lacey carbon
film-coated copper grid and allowed to dry initially in air
then by applying high vacuum.

3. Results and Discussion

3.1. Thermal Behavior of Pure and Variously
Doped Uncalcined Solids

The thermograms (TGA, DTA) of pure and variously
doped solids are shown in Figure 1. TGA curves of
various investigated uncalcined solids consisted of six
weight loss processes. The first process extends between
78°C - 98°C, the second extends between 112°C - 162°C,
the third extends between 184°C - 282°C, the forth ex-
tends between 550°C - 600°C and the last peak extends
between 625°C - 720°C. These processes are accompa-
nied by weight losses 0f2.2-4.2,1.5-23,55-7.6,5.2
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Figure 1. Thermograms (TGA, DTA) of pure and variously doped solids.

- 13.8,0.5 - 7.3 and 0.3 - 1.2 wt% for the six processes,
respectively.

The DTA curves of various solids composed of six
endothermic peaks most of them are weak and broad
having their maxima located at 77°C - 85°C, 95°C -
130°C, 220°C - 305°C, 380°C - 410°C, 550°C - 580°C
and 670°C - 690°C. The first DTA and TGA processes
taking place at temperature below 100°C correspond to

removal of physisorbed water and water of crystallization.

The other processes taking place at temperatures 162 -
550 indicate a progressive thermal decomposition of fer-
ric and cobaltic carbonates yielding their oxides. The last
endothermic peak taking place at 575°C - 680°C might
correspond to the solid-solid interaction between the
produced cobalt and ferric oxides yielding cobalt ferrite.
This speculation will be confirmed later in the present
work by XRD investigation. The cobalt ferrite formation
process took place according to:

Co,0, +3Fe,0, — 3CoFe,0, +1/20,

The last endothermic peak corresponding to cobalt fer-
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rite formation showed its maximum at temperatures that
decreased by increasing the dopant concentration. In fact,
the maximum of this particular peak is located at 680°C
for pure mixed solids and that doped with 0.75 mol%
CeO, falling to 575°C for the other doped mixed solids.
Furthermore, the area of this peak increased progress-
sively as a function of the dopant concentration.

So, it can be deduced from the observed progressive
increase in the area of the last endothermic peak relative
to cobalt ferrite formation that ceria enhanced the solid-
solid interaction between cobalt and ferric oxides leading
to the formation of CoFe,O,. This conclusion will be
confirmed later in the next section of the present work
through XRD analysis of various solids.

3.2. X-Ray Investigation of Various Solids

X-ray diffractograms of pure and variously CeO,-doped
solids being calcined at 500°C - 700°C were determined.
The diffractograms of the investigated solids are given in
Figures 2-4 corresponding to pure and variously doped
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Figure 2. X-ray diffractograms of pure and treated solids
calcined at 500°C, Lines 1 refer to Fe,Os, Lines 2 refers to
Co030,, Lines 3 refers to CoFe,O, and Lines 4 refers to
Ce0s,.
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Figure 3. X-ray diffractograms of pure and treated solids
calcined at 600°C, Lines 1 refer to Fe,Os, Lines 2 refers to
Co030,, Lines 3 refers to CoFe,O, and Lines 4 refers to
CeO,.

solids calcined at 500°C, 600°C and 700°C, respectively.
It is clear from these figures that the diffractograms of
pure Fe,0,/Co,0, calcined at 500°C consisted of all
diffraction peaks of CoFe,O, [79-1744-JCPDS-ICDD,
Copyright 2001] as a major phase together with all dif-
fraction peaks of unreacted a-Fe,O; phase [87-1166-
JCPDS-ICDD, Copyright 2001] and Co;04 phase [74-
1657-JCPDS-ICDD,Copyright 2001]. This finding shows
clearly that heating a mixture of pure Fe,0; and Co30, at
500°C for 5 h was not sufficient for their complete con-
version into the ferrite phase as been shown in our pre-
vious work [12]. It can also be seen from Figure 1 that
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Figure 4. X-ray diffractograms of pure and treated solids
calcined at 700°C, Lines 1 refer to Fe,Os, Lines 2 refers to
Co030,, Lines 3 refers to CoFe,O, and Lines 4 refers to
CeO,.

the presence of the smallest amount of CeO, (0.75 mol%)
in mixed solids calcined at 500°C led to the complete
disappearance of a-Fe,O; and Co;04 as separate phases
indicating their complete conversion into CoFe,O4. So,
cerium oxide much enhanced the cobalt ferrite formation.

The different diffraction data including relative inten-
sity of the main diffraction lines of crystalline phases
present and their crystallite size (determined from the
Scherrer’s equation) are given in Tables 1 and 2.

Examination of Tables 1 and 2 reveals the following:
1) Pure mixed solids calcined at 500°C consisted of
CoFe,04 together with un-reacted portion of a-Fe,O; and
Co;04 phases; 2) Solid-solid interaction between ferric
and cobaltic oxides took place at temperature starting
from 500°C yielding nanosized cobalt ferrite; 3) Increas-
ing the calcination temperature within 500°C - 700°C led
to complete conversion of the reacting ferric and cobaltic
oxides producing cobalt ferrite having a crystallite size in
the nano range (10 - 30 nm); 4) The disappearance of all
diffraction peaks of un-reacted oxides (a-Fe,O; and
Co030,) in all CeO,-doped solids being calcined at 500°C
might reflect the role of CeO, in the enhancement of the
solid-solid interaction between iron and cobalt oxides; 5)
The appearance of some diffraction peaks of CeO, [75-
0076-JCPDS-ICDD, Copyright 2001] in the solids doped
with 1.5 and 3 mol% ceria might reflect the dissolution
of a portion of the ceria added and the other portion re-
mained as a separate phase.

The observed enhancement of cobalt ferrite formation,
by doping with CeO,, can be investigated by determining
the activation energy of formation of cobalt ferrite (AE )
for pure and variously CeO,-doped mixed solids. This
has been tentatively achieved from the results given in
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Table 1. Phases present and their crystallite size of the solids being calcined at 500°C - 700°C.

Crystallite size (nm)

. Calcination
Solids temperature (°C)
peratu Fe,05 CoFe,0, C0;04 CeO,
500 75.0 10.1 24.3 -
0.75 mol% Fe,O; + 0.25 mol% Co;04 600 - 12.6 - -
700 - 29.8 - -
500 - 6.0 - -
0.75 mol% Fe>Os3 + 0.75 mol% CeO, 600 - 11.8 - -
700 - 28.7 - -
500 - 5.8 ) 0.0
0.75 mol% Fe,05 + 1.5 mol% CeO, 600 - 15.3 - 12.7
700 - 23.0 - 20.6
500 - 5.6 - 7.0
0.75 mol% Fe,0;3 + 3 mol% CeO, 600 - 12.1 - 10.2
700 - 25.5 - 17.6

Table 2. The relative intensities of pure and variously doped samples being calcined at 500°C - 700°C.

Peak area (a.u.) of diffraction lines of

Solids ten(lj;;:;?jrt:eo(r: ) Fe,0; phase CoFe,0, phase Co0304 phase CeO,
2.69 A (100%) 2.51 A (100%) 2.46 A (100%)
500 11.9 16.2 9.14 -
0.75 mol% Fe,O;3 + 0.25 mol% Co;0,4 600 - 25.6 - -
700 - 45.8 - -
500 - 27.0 - -
0.75 mol% Fe,0; + 0.75 mol% CeO, 600 - 37.0 - -
700 - 61.3 - -
500 - 222 - 15.1
0.75 mol% Fe,03 + 1.5 mol% CeO, 600 - 30.8 - 14
700 - 46.6 - 16.5
500 - 33.8 - 10.4
0.75 mol% Fe,O3 + 3 mol% CeO, 600 - 323 - 12.3
700 - 43.1 - 18.4

Table 2 adopting the method proposed by El-Shobaky et
al. [9] by assuming that the peak area of the main diffrac-
tion line of CoFe,O4 at 2.51 A as a measure of the
amount of CoFe,O, present in a given mixed solids at de-
finite temperature. By plotting the peak area of the main
diffraction peak of CoFe,0, (d =2.51 A) Vs. precalcina-
tion temperature for pure and CeO,-doped solids, a
straight line is obtained whose slope determines the AE

Copyright © 2013 SciRes.

value by direct application of the Arrhenius equation.
This trail has been successfully carried out at tempera-
tures be- tween 500°C - 700°C, and the plots obtained are
given in Figure 5. The computed AE values, obtained
from the diffraction peak at d spacing of 2.51 A, are 33,
26, 23.4 and 9.2 kJ-mol™ for pure mixed solids and
those doped with 0.75, 1.5 and 3 mol% CeO,, respect-
tively. The suggested method used in the calculation of
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Figure 5. Change of Log peak height of the diffraction line of CoFe,0, (2.51 A) as a function of pure and CeO,-doped mixed

solids.

the activation energy of formation from the observed
increase in the area of the main diffraction peak of
CoFe,04 by increasing the calcination temperature of
pure and variously doped mixed oxides assumed that the
observed increase in peak area of the diffraction peak at
2.51 A is a measure of the abundance of the produced
ferrite [9].

The computed values of activation energy of formation
of cobalt ferrite were found to decrease progressively as
a function of the amount of ceria added. This finding
suggested clearly that an effective stimulation of cobalt
ferrite was reached at by doping with small amount of
ceria. The decrease in AE values, due to CeO,-doping ran
parallel to the amount of CeO, present which reflects an
effective increase in the mobility of thermal diffusion of
the reacting cations through the whole mass of the react-
ing oxides and through the early produced CoFe,0y film.

The observed stimulation effect of ceria towards cobalt
ferrite formation might reflect the role of the dopant in
increasing the mobility of the reacting cations (Co*" and

Copyright © 2013 SciRes.

Fe’). It is well known that ceria containing solids [23,
25-27] acted as oxygen storage via creation of anionic
vacancies. The presences of these vacancies increased
the mobility of reacting cations increasing thus their re-
activity towards the ferrite formation.

It has been reported by one of the authors that the ac-
tivation energy of formation of pure CoFe,O, prepared
by ceramic method measured values between 47.3 and
100 kJ/mol [3,4]. The comparison between these two va-
lues and values presented in the present work (33 - 9.2
kJ/mol) pointed out to the fact that the ferrites prepared
by ceramic method are more difficult to be formed as
compared to those prepared by chemical method via ther-
mal treatment of mixed carbonates or hydroxides prepar-
ed by coprecipitation.

3.3. HRTEM Investigations of Various Solids

The crystallinity of the particles was investigated by high
resolution TEM (Figure 6). In the HRTEM images of the
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Figure 6. HRTEM images of pure and doped mixed solids calcined at 500°C: (a) Pure mixed oxides; (b) 0.75 mol% CeO,; (c)

1.5 mol% CeO,; (d) 3 mol% CeO,.

particles made of pure and variously doped samples.
HRTEM micrographs in Figure 6 shows that the parti-
cles have nano-spherical morphology and relatively uni-
form with diameter ranged from 7.6 nm to 21.3 nm. This
finding is in a good agreement with the results obtained
by XRD investigation.

4. Conclusions

The following are the main conclusions that may be
drawn from the obtained results:

1) Nanosized cobalt ferrite phase was produced upon
heating ferric and cobaltic mixed oxides at temperatures
starting from 500°C.

2) The produced ferrite existed as nanosized com-
pound measuring crystallite size between 10 - 30 nm as
being evidenced from the values calculating from the
Scherer s equation.

3) Ceria doping (0.75 - 3 mol%) enhanced the solid-
solid interaction between the reacting oxides to yielding

Copyright © 2013 SciRes.

COF6204.

4) The activation energy of formation (AE) of CoFe,O,
for pure and variously doped mixed solids was deter-
mined from XRD measurements. The computed AE val-
ues were 33, 26, 23.4 and 9.2 kJ/mol for pure mixed sol-
ids and those treated with 0.75, 1.5, 3 mol% CeO,, re-
spectively.

5) HRTEM analysis revealed the formation of homo-
genous nanosized CoFe,0y.
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