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The present study elucidates the synthesis of magnesium ferrite magnetic nanocrystallites via
hydroxylation—condensation reaction followed by an auto-combustion process. Nanocrystallites
with diameter of 3—7 nm were successfully formed via this method. The ignition temperature of
the redox reaction was apparently improved to 200°C by the modification of the pH of the metal
aqueous solution. The crystallite size was altered by varying the hydrolysis parameters. The
XRD analysis of the as-synthesized powder confirms the formation of a single-phase MgFesO4
spinel structure. Importantly, the crystalline particles were obtained at low temperature without
further calcination. The thermodynamic behavior of the precursor was characterized by DTA-
TG. TEM observations showed the morphology and crystal structure of the nanocrystallites.
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1. Introduction

Auto-combustion assisted sol-gel synthesis (SGAC)
is a promising method to produce nanocrystalline
ceramic powder as it can produce nanosized pow-
der at relatively low temperature with high homo-
geneity for better sinterability. In SGAC, thermally
induced anionic redox reaction involves the nitrate
ions of the metal precursor as oxidizer and citric
acid as a fuel providing the energy for the forma-
tion of oxide within a short time.1' Tt offers many
advantages compared with other routes such as low
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cost, excellent compositional control, good pow-
der reactivity, and >99.9% purity.® Spinel ferrites
in general and magnesium ferrite in particular are
technologically important materials and have found
widespread application in microwave devices.* Low-
temperature ferrite can improve the electrical and
magnetic properties.’

Huang et al® prepared MgFe;O4 nanocrys-
tallites through sol-gel auto-combustion method.
The decomposition of ferrite precursor occurred at
340°C without pH modification. Pradeep et al.™8
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and Rezlescu et al.? also prepared pure and substi-
tuted MgFeyO4 by sol-gel auto-combustion method.

However, the modification of pH and the
hydrolysis conditions on the synthesized powder
were not reported. Hence, an attempt has been
made to investigate the influence of pH modi-
fication and hydrolysis conditions on the com-
bustion characteristic and the morphology of the
MgFesO4 powder synthesized by low-temperature
sol-gel auto-combustion method.

2. Experimental Procedure

The flowchart for the synthesis procedure is shown
in Fig. 1. The starting materials were analytical
reagent grade nitrates: Fe(NOs)s - 9H,0 (Wako
99.0%), Mg(NO3)s - 6HoO (Wako 98.0%), and cit-
ric acid (Wako 98.0%). The molar ratio of metal
nitrate to citric acid was 1:1. Ammonia solution
(NH4 28%) was added dropwise under constant stir-
ring to reach the pH value to 9. Then, the solution
was evaporated on a hot plate at a solution temper-
ature 60°C to form a sticky gel. The temperature
of the hydrolysis was varied 60, 70, and 80°C in
order to investigate the effect of hydrolysis temper-
ature on the form of MgFe;O4. Upon the formation
of a dense sticky gel, the temperature was increased
to 80°C for the condensation process. The tempera-
ture was then increased rapidly and when it reached
to ~200°C, large amount of gases (CO3, HyO, Nj)
were librated and a dark brown ferrite powder was
produced after the combustion process.
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Fig. 1. Flowchart for one-step synthesis of MgFesO4.

The X-ray diffraction patterns were recorded
on an SRA (M18XHF) X-ray diffractometer. Trans-
mission Electron Microscopy was acquired by JEOL
JEM2010F. The thermal behavior of the dried gel
precursors were characterized by TG-DTA 20005
(Japan) at a heating rate of 10°C/min until 500°C
under Oz flow at 100 ml/min.

3. Results and Discussion
3.1. X-Ray analysis

The XRD spectrums of the precursor and the pow-
der heat-treated at 1000°C are shown in Fig. 2. The
precursor of the original solution with pH < 1in (B)
is amorphous in nature while the precursor with
pH = 9 in (A) shows amorphous MgFe;O4 with
crystallized NH4NO3 phase indicating NH4sNO3 was
crystallized during hydrolysis as NHy solution was
used to reach the pH value to 9. The precursors were
then heat-treated at 1000°C to observe the stabil-
ity of the phase. Both spectrums in (C) and (D)
show the formation of single-phase ferrite (PDF 01-
071-1232). The lattice parameter and the crystallite
size estimated by the Debye-Scherrer formula'® are
shown in Table 1.

The crystallite size decreased with the increased
in pH value showing that the presence of ammo-
nia during the hydrolysis can affect the size of the
particle.

Figure 3 represents the formation of MgFe;Oy4
at various hydrolysis temperatures at pH = 9. The
results demonstrate that the degree of crystallinity
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Fig. 2. XRD spectrums of (A) amorphous MgFe,O4 with
crystallized NH4NO3 (e = NH4NO3) at pH = 9, (B) amor-
phous MgFesO4 at pH < 1, and crystallized MgFesOy
heat-treated at 1000°C (C) at pH = 9, (D) at pH < 1
(¢ = MgFe,04).



Table 1. Lattice parameter and crystallite size calculated
from XRD data (after heat-treated at 1000°C).

Sample Crystallite size (nm) Lattice parameter (A)
pH<1 36.84 8.3879
pH =9.00 29.48 8.3860
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Fig. 3. XRD spectrums of as-burnt powder (pH = 9) at
different hydrolysis temperatures (e = MgFe;04).

can be altered by varying the hydrolysis tempera-
ture. As the hydrolysis temperature was increased,
the duration to form gel becomes shorter and that
favors the formation of small crystallite size. This is
confirmed by the TEM images and auto-combustion
behavior in the following sections.

3.2. TEM analysis

From TEM analysis, the crystallite size of the
powder (60°C hydrolysis) is ~7nm and that of the
powder (80°C hydrolysis) is ~3nm as shown in
Fig. 4. As shown the as-burnt powder, the shape
of the particle was irregular and the particles seem
to be composed of crystallites. It exhibits a soft
agglomerated monophase polycrystal with the par-
ticles holding together by a relatively weak sec-
ondary bond of magnetic interaction.!?

3.3. TG-DTA characterization

In aqueous chemistry,'? water plays a double role.
It behaves as a solvent with a high dielectric con-
stant (¢ = 80) that favors the dissociation of ionic
species as

(M)* — (NO3)n &2 (M)ZF + (NO3)7raqs (1)

where M is metal ion. It also behaves as a o-donor
molecule and reacts as a nucleophilic ligand giving
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Fig. 4. TEM (a) low resolution, (b) high resolution, and
(c) corresponding ED images of the as-burnt powder at
hydrolysis temperature 60°C (above) and 80°C (below).

solvated species as
(M)(OHa);* . (2)
When the pH increases,
OH- .
[M(OHz),** = [M(OH),(OHz)w|*M*,  (3)

where h is the hydrolysis ratio.

Citric acid also plays a double role: as a fuel
for combustion reaction and as a chelating agent to
form complexes with metal ions as

(lle— (llOOH

Ho—c| — ICOOH+[M(OH)N](N‘Z"

CH,— COOH
ﬂ 4
0
I
CH,—C—O0
AN
HO—C — COOH M* +nOH"
7
CH, — (I:— 0
0

On these basics, we have proposed a chemical
reaction as
Mg(NO3)2 + 2Fe(NO3)3
+ 3CgHgO7 + 3.509

MgFeyO4 + 4No
+ 18C0O4 + 12H50.

(5)
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Fig. 5. (a) TG and (b) DTA plots of the precursors.

It is worth to note that the thermal decom-
position of the precursor with pH < 1 consists of
four steps, while the other with pH = 9 shows
only two steps as shown in Figs. 5(a) and 5(b).
According to partial charge model, the interme-
diate pH region having aquo, [M(OHz)y]*T, and
hydroxo, [M(OH) ]V %)~ ligands have better con-
densation process than the low pH region having
aquo, [M(OHy)n]?T, ligand.’™® On that basis, one
point that improved the weight loss in pH modified
gel may be due to the different condensation process
between the pH modified aqueous solution and the
original aqueous solution. In fact, O-H groups, car-
boxyl group, and NO?~ ions exist in the dried gel.!
In the TG-DTA curve of the dried gel (pH < 1),
the first weight loss (15%) represents the water
vaporization of O-H groups, the second weight loss
(27%) corresponds with the decomposition of cit-
ric acid to aconitic acid CgHgOg (—-H20) and then
decomposed to itaconic acid CsHgO4 (-CO3) in
the third weight loss (10%). It was confirmed by
the DTA plot of the solid citric acid. Finally car-
boxyl groups and NO3~ ions decomposed lead-
ing to the auto-combustion reaction in the fourth
step (22%). However, in the dried gel with pH =
9, the weight loss (7%) for vaporization reduced
slightly in the first step. In the second step, a deep
weight loss (80%) represents the decomposition of

800

g

600 +

DTA signal (arb. unit)

T N ¥ ¥ ¥ 1 » T ¥ 1
190 200 210 220 230 240
Temperature (°C)

Fig. 6. The DTA curves for different hydrolysis tempera-
tures and respective integral curves in the insect at pH = 9.

carboxyl, NO3~ ions and NH4NO3 simultaneously
and auto-combustion occurred. The decomposition
of NH4NOj3 supplies oxygen to accelerate the com-
bustion reaction. Not only the combustion temper-
ature was decreased but also the amount of heat
generated in the combustion process was also appar-
ently decreased as shown in Fig. 6. It proved that
the decomposition of NH4NO3 was an endothermic
process. Thus, it resulted in reduced amount of heat
generated during the combustion process and pro-
duces small crystallite size.

Therefore, it is confirmed that the amount of
heat produced depends on the hydrolysis tempera-
ture and time, which is a key factor affecting the
size and morphology of the particles.

4. Conclusion

The auto-combustion assisted sol-gel method has
been proven as a low-temperature synthesis route
for homogeneous powder with fine particles. Not
only the decomposition temperature of the nitrate—
citrate was apparently improved to 200°C, but also
the amount of heat generated during the combus-
tion was also reduced by pH modification of the
aqueous solution. Furthermore, the hydrolysis con-
ditions can affect the combustion behavior and gov-
ern the crystallite size. Better understanding on the
decomposition of citrate—-nitrate precursor has been
established in this study.
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