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In this paper a novel synthetic route of pure MFe2O4 (M ) Mg, Co, and Ni) spinel ferrites
is reported. The key feature of this method is using a single molecular precursor. The pure
spinel ferrites can be obtained by calcination of tailored hydrotalcite-like layered double
hydroxides (LDHs) of the type [M1-X-YFe2+

YFe3+
X(OH)2]X+(SO4

2-)X/2‚mH2O (M ) Mg, Co, and
Ni) precursors at 900 °C for 2 h, in which the molar ratio of M2+/(Fe2+ + Fe3+) is adjusted
to the same value as that in single spinel ferrite itself. The structural characteristics of the
as-synthesized LDHs and their resulting calcined products are obtained by powder X-ray
diffraction (XRD), chemical analysis, Fourier transform infrared spectroscopy (FT-IR),
simultaneous thermogravimetric and differential thermal analysis (TG-DTA), and Mössbauer
spectroscopy. The saturation magnetizations of the materials produced by calcinations of
LDHs are higher than those of the spinel ferrites produced by the conventional ceramic and
wet chemical routes, although the compositions of the materials are similar. The major
advantage of the new method is that it affords uniform distribution of all metal cations on
an atomic level in the LDH precursors; hence, the formation of spinel ferrites starting from
the LDHs requires a much lower temperature and shorter time, leading to a lower chance
of side-reactions occurring.

Introduction

Spinels of the type M2+M3+
2O4 attract a great deal of

interest because of their diverse practical applications.1,2

In the case of M2+ ) Fe, the resulting spinel ferrites
having a general chemical composition of MFe2O4
(M ) Mn, Mg, Zn, Ni, Co, etc.), are among the most
widely used magnetic materials.3 Spinel has a face-
centered cubic structure with a large unit cell containing
eight formula units. There are two kinds of lattices for
cation occupancy. A and B sites have tetrahedral and
octahedral coordinations, respectively (Figure 1). Com-
monly, the M2+ and Fe3+ cations distribute at both sites.
In a normal spinel the M2+ cations occupy tetrahedral
sites and the Fe3+ cations occupy octahedral sites,
whereas in an inverse spinel only half of the Fe3+ ions
occupy tetrahedral sites. Actually, most spinel ferrites
adopt a structure somewhere between these two ex-
tremes, so that the structural formula is usually written
as (M2+

1-cFe3+
c) [M2+

cFe3+
2-c]{O2-}4, where the round

and square brackets denote (A) and [B] sites respectively
and where c represents the degree of inversion [defined
as the fraction of (A) sites occupied by Fe3+ cations]. The
efficacy of the material depends on its microstructural

properties that are sensitive to its mode of preparation,4-6

which can play a very important role with regard to the
chemical, structural, and magnetic properties of a spinel
ferrite. To take magnesium ferrite, MgFe2O4, as an
example, the conventional ceramic method of prepara-
tion7 involves calcination of mixtures of precursors (MgO
or MgCO3 and Fe2O3) at considerably elevated temper-
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Figure 1. Schematic diagram for a partially filled unit cell
of spinel AB2O4: b A (tetrahedral coordination); X B (octa-
hedral coordination); O oxygen.
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atures, such as 1100 °C or above. High temperatures
with prolonged reaction time are required to prepare a
single homogeneous phase but if the temperature is too
high or the reaction time is too long there are problems
with phase separation and nonstoichiometry.8 Directed
to this problem, new synthetic methods have received
increased attention in recent years. For example, the
mechanochemical route for the preparation of spinel
ferrite has been reported starting from MO and R-Fe2O3
powder in equimolar ratio.9-12 But in this method, the
reactant is also the nonactivated R-Fe2O3/MO mixture,
and actually it is especially difficult to achieve a single
homogeneous spinel phase. Alternative wet chemical
methods have been proposed, including coprecipitation
from aqueous solution,6 sol-gel synthesis involving
supercritical drying to provide aerogels,13 and use of
micellar microemulsions.5,14 In these cases, however, it
is difficult to prevent contamination of the product by
cations arising from the precipitants or organic residues
from the precursor mixtures.1 To avoid compromising
the purity and properties of spinel ferrite and related
materials it would be desirable to prepare them from a
single solid precursor which can be prepared in a pure
state in which the M2+ and Fe3+ cations are uniformly
distributed on an atomic level.

Layered double hydroxides (LDHs), also known as
hydrotalcite-like materials, are a class of synthetic two-
dimensional nanostructured anionic clays whose struc-
ture can be described as containing brucite-like layers
in which a fraction of the divalent cations have been
replaced isomorphously by trivalent cations giving
positively charged sheets with change-balancing anions
between the layers.15 LDHs have the general formula
[M2+

1-XM3+
X(OH)2]X+(An-)X/n‚mH2O, where M2+ and

M3+ are di- and trivalent cations respectively, including
Mg2+, Fe2+, Co2+, Cu2+, Ni2+, or Zn2+ and Al3+, Cr3+,
Ga3+, Mn3+, or Fe3+, respectively; the value of the
coefficient x is equal to the molar ratio of M2+/(M2+ +
M3+); and An- is an anion, such as CO3

2-, SO4
2-, NO3

-,
F-, Cl-, or PO4

3-.16 Therefore, a large class of isostruc-
tural materials considered complementary to alumino-
silicate clays with widely varied physicochemical prop-
erties can be obtained by changing the nature of metal
cation, the molar ratio of M2+/M3+, and the type of the
interlayer anion. These materials are potential precur-
sors for spinel ferrites because they are often formed
with mixtures of the same cations and have been shown
to have an absence of long-range cation ordering.17

Calcination of LDHs at intermediate temperatures
(450-600 °C) affords poorly crystalline mixed metal

oxides.18 Calcination above 750 °C is known to give
spinels, but these are always mixed with the oxide of
divalent metal.19 This reflects the fact that in LDHs,
the divalent cations are always present in greater
amount than the trivalent cations (the stoichiometric
coefficient x above is found typically in the range 0.2-
0.33, corresponding to the molar ratio of M2+/M3+ of
2-4), whereas in a spinel the required molar ratio of
M2+/M3+ is 0.5.

In a recent investigation communication,20 we briefly
reported the preparation of LDHs of the type [Mg1-x-y-
Fe2+

yFe3+
x(OH)2]X+(CO3

2-)X/2‚mH2O, and shown how
when the Mg2+/(Fe2+ + Fe3+) molar ratio in a LDH is
1:2, oxidation of all Fe2+ ions on calcination in air gives
additional Fe3+ ions, thus overcoming the deficiency of
trivalent ions, and leads to the formation of a pure
MgFe2O4 spinel ferrite with excellent magnetic property.
Because a wide variety of LDHs with three or more
cations in the layers can be prepared, we report herein
further work that has been carried out on the synthesis
of a series of new tailored LDH precursors of the type
[M1-X-YFe2+

YFe3+
X(OH)2]X+(SO4

2-)X/2‚mH2O (M ) Mg,
Co, and Ni) with the composition appropriate for stoi-
chiometric synthesis of a range of pure spinel ferrites
of commercial importance. The magnetic properties of
the materials produced by calcinations of LDHs are
compared with those of the spinel ferrites produced
using the conventional ceramic and wet chemical meth-
ods.

Experimental Section

Synthesis of M-Fe2+-Fe3+-LDH sulfates (M ) Mg, Co,
and Ni). A mixture of Fe2(SO4)3, FeSO4, and M(NO3)2 (M )
Mg, Co, and Ni) was dissolved in N2-saturated deionized water
([M2+ + Fe2+ + Fe3+] ) 0.8 mol/L). A base solution ([NaOH] )
1.5 M) in N2-saturated deionized water was added dropwise
to the stirred mixture at 25 °C until the pH reached 11.0 for
the reaction solution containing Mg2+ cations and 7.0 for the
reaction solution containing Co2+ cations or Ni2+ cations. The
resulting suspension was aged for 4 h in an N2 atmosphere.
The mixture was cooled by adding N2-saturated deionized
water at 0 °C, filtered, and washed with N2-saturated deion-
ized water at 0 °C and then N2-saturated ethanol at 0 °C. The
resulting solid was dried at room temperature and stored at 0
°C under N2.

Synthesis of MFe2O4 Spinel Ferrites (M ) Mg, Ni, and
Co). For the LDHs precursors method the synthesized M-Fe2+-
Fe3+-LDHs were calcined in air at 900 °C for 2 h at a heating
rate of 10 °C/min and then the resulting products were slowly
cooled to room temperature. For the conventional ceramic
method a stoichiometric mixture of homogenized reactants
containing powdered R-Fe2O3 and MO was sintered at 1100
°C for 10 h at a heating rate of 10 °C/min and the resulting
product was slowly cooled to room temperature. For the wet
chemical method the solution containing stoichimometric M2+

and Fe3+ cations was titrated with NaOH solution, and then
the solid suspension was washed with deionized water, dried
at room temperature, and calcined at 1100 °C for 10 h at a
heating rate of 10 °C/min. The resulting product was slowly
cooled to room temperature.

Characterization. Powder X-ray diffraction (XRD) pat-
terns for the samples were recorded using a Shimadzu XRD-
6000 diffractometer under the following conditions: 40 kV, 30
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mA, graphite-filtered Cu-KR radiation (λ ) 0.15418 nm). The
samples, as unoriented powders, were step-scanned in steps
of 0.04° (2θ) using a count time of 10 s/step. The observed
interplanar spacings were corrected using elemental Si as an
internal standard [d (111)) 0.31355 nm; JCPDS file 27-1402].

Elemental analysis for metal ions and sulfur in LDHs was
performed using a Shimadzu ICPS-75000 inductively coupled
plasma emission spectrometer (ICP-ES). Samples were dried
at 100 °C for 24 h prior to analysis, and solutions were
prepared by dissolving the samples in dilute hydrochloric acid
(1:1). The H content in LDHs was determined by an Elementar
Vario EL meter under the following conditions: carrier gas
current 20 mL/min, oxygen current 20 mL/min, combustion
tub temperature 950 °C, and reduction tub temperature 550
°C.

Fourier transform infrared spectra (FT-IR) were recorded
in the range 4000 to 400 cm-1 with 2 cm-1 resolution on a
Bruker Vector-22 Fourier transform spectrometer using the
KBr pellet technique (1 mg of sample in 100 mg of KBr).

Simultaneous thermogravimetric and differential thermal
analysis (TG-DTA) was carried out in air on a PCT-1A thermal
analysis system produced locally. Samples of 9.0-10.0 mg were
heated at a rate 10 °C/min up to 800 °C.

Mössbauer spectra were recorded with an Oxford MS-500
instrument at 293 K. A radiation source of Co57 in an Rh
matrix was used. The isomer shifts are reported relative to
sodium nitroprusside.

Magnetism of samples was measured at room temperature
on a locally made JDM-13 vibration sample magnetometer.

Results and Discussion

Figure 2 illustrates the power XRD patterns for
M-Fe2+-Fe3+-LDHs (M ) Mg, Co, and Ni) with the M2+/
Fe2+/Fe3+ molar ratio of 3:5:2 in the synthesis mixture,
and Table 1 summarizes the analytical properties of
LDHs and relevant structural parameters of LDHs
obtained from their XRD patterns. It can be noted

clearly that the XRD patterns exhibit the characteristic
diffractions of a hydrotalcite-like LDH material (JCPDS
file 38-0487)21 in each case and no other crystalline
phases are present. The XRD patterns give a series of
(00l) peaks, such as 003, 006, and 009, appearing as
narrow symmetric lines at low 2θ angle, corresponding
to the basal spacing and higher order diffractions, and
indicate that the samples consist of a well crystallized
single phase with large constituting crystallites. The
elemental analysis of the LDHs gives the following
formulas for M-Fe2+-Fe3+-LDHs (M ) Mg, Co, and Ni):
[Mg0.33Fe2+

0.27Fe3+
0.40(OH)2] (SO4)0.20‚0.41H2O, [Co0.33-

Fe2+
0.27Fe3+

0.40(OH)2] (SO4)0.20‚0.39H2O, and [Ni0.34-
Fe2+

0.28Fe3+
0.38(OH)2] (SO4)0.19‚0.39H2O, respectively.

Obviously, the experimental M2+/(Fe2+ + Fe3+) molar
ratio employed in the final product in the range of
0.493-0.516 is significantly different from that in the
corresponding synthesis mixture, but the values are
reproducible within experimental error. This is because
in the starting mixed aqueous solution partial Fe2+

cations have been oxidized to Fe3+ cations although the
coprecipitation process is carried out under nitrogen
atmosphere, and it also suggests that in the condition
of holding molar ratio of M2+/Fe2+/Fe3+ invariable, not
all the metal cations can be coprecipitated completely.

LDH is a hexagonal system, where lattice parameter
a is a function of the average distance of metal ions
within the layers and reflects the density of metal ions
stacking in 003 crystal plane, and lattice parameter c
is three times the distance from the center of one layer
to the next. Therefore, the incorporation of Mg2+, Co2+,
and Ni2+ into the layers of LDH can be ascertained from
the change in the lattice parameters a and c. Assuming
a 3R stacking of the layers and from the positions of
the (003), (006), (009), and (110) diffractions, although
the latter (the lower angle component of the character-
istic doublet close to 2θ ) 59°) is rather broad and ill-
defined, the lattice parameters a and c dependent on
the composition of LDHs may be calculated22 for LDH
phases. As shown in Table 1, in accordance with the
order of Ni-Fe2+-Fe3+-LDH, Mg-Fe2+-Fe3+-LDH, and Co-
Fe2+-Fe3+-LDH, the lattice parameter a () 2d110) in-
creases gradually, reflecting the fact that the Shannon
ionic radii for octahedral Ni2+, Mg2+, and high spin Co2+

are 0.083, 0.086, and 0.089 nm, respectively. Further-
more, the value of lattice parameter c () d003 + 2d006 +
3d009 ) shows an increasing trend in accordance with
the order of Mg-Fe2+-Fe3+-LDH, Co-Fe2+-Fe3+-LDH, and
Ni-Fe2+-Fe3+-LDH, which can be explained mainly by

(21) Busetto, C.; Del Piero, G.; Mamara, G.; Trifirò, F.; Vaccari, A.
J. Catal. 1984, 85, 260.

(22) Millange, F.; Walton, R. I.; O’Hare, D. J. Mater. Chem. 2000,
10, 1713.

Table 1. Structural and Componential Parameters of the Synthesized M- Fe2+-Fe3+-LDHs

sample Mg-Fe2+-Fe3+-LDH Co-Fe2+-Fe3+-LDH Ni-Fe2+-Fe3+-LDH

initial M2+/Fe2+/Fe3+ 3/5/2 3/5/2 3/5/2
initial (M2++Fe2+)/Fe3+ 4.000 4.000 4.000
initial M2+/(Fe2++Fe3+) 0.429 0.429 0.429
M2+/(Fe2++Fe3+) in LDHa 0.493 0.493 0.516
lattice parameterb a, nm 0.314 0.315 0.313
lattice parameterc c, nm 3.300 3.311 3.335
ν (SO4

2-), cm-1 1098 1105 1111
δ (M-O-M), cm-1 450 475 478
ν (M-O-M), cm-1 596 621 621

a As determined by ICP. b c ) average value calculated from (003), (006), and (009) diffractions. c a ) 2d110.

Figure 2. Powder XRD patterns for Mg-Fe2+-Fe3+-LDH (a),
Co-Fe2+-Fe3+-LDH (b), and Ni-Fe2+-Fe3+-LDH (c).
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the difference in bond strength between the cations and
adjacent oxygen atoms on the layers of LDH. As it is
well-known, the bond strength increases approximately
12.5% from Mg-O to Co/Ni-O23 (Mg-O approximately
330 kJ/mol, Co-O approximately 368 kJ/mol, and Ni-O
approximately 372 kJ/mol). The increasing bond-strength
of M2+-O results in the decrease in hydrogen-bond
attractive force between M2+-hydroxyl groups on the
layers and the interlayer anions and water molecules,
consistent with the decrease in Coulombic attractive
force between the negatively charged interlayer anions
and the positively charged brucite-like layers.

The FT-IR spectra for the LDHs in the region between
400 and 4000 cm-1 are shown in Figure 3. Typical of
this spectrum24 is the strong and broad absorption band
between 3600 and 3200 cm-1 centered around 3450 cm-1

associated with a superposition of O-H stretching
bands ν (OHstr) arising from metal-hydroxyl groups and
hydrogen-bonded interlayer water molecules. Another
absorption band corresponding to a water deformation,
δ(H2O), is recorded around 1620 cm-1. There is absorp-
tion at around 1100 cm-1 which arises from the inter-
layer sulfate anions. The bands observed around 400-
900 cm-1 are interpreted as the lattice vibration modes
of M-O and M-OH.25 On the basis of a detailed
analysis of FT-IR spectra for the LDHs, more informa-
tion (see Table 1) can be obtained. It can be seen that
absorption bands of ν (M-O-M) and δ (M-O-M) shift
to high frequency with the increasing bond strength of
M-O. Furthermore, there is a small shift in the absorp-
tion band of the interlayer SO4

2- at around 1100 cm-1

toward higher frequency in accordance with the order
of Mg-Fe2+-Fe3+-LDH, Co-Fe2+-Fe3+-LDH, and Ni-Fe2+-
Fe3+-LDH. This is due to a decrease in electron density
around OH- groups resulting in consequent reduction
of hydrogen-bond attractive force between the M2+-
hydroxyl groups on the layers and the interlayer SO4

2-

anions, associated with the increasing bond strength of
M2+-O coordinated to OH- groups.

The structural stability of LDHs was examined by
simultaneous TG/DTA experiments, with the TG and
DTA curves shown in Figure 4. For Mg-Fe2+-Fe3+-LDH,
the process for weight loss consists of four steps in the
TG curve, and corresponds to four endothermic events
in the DTA curve extending from room temperature up
to ca. 400 °C, including desorption of water physisorbed
on the external surface of the crystallites, removal of
water intercalated in the interlayer galleries, dehy-
droxylation of the lattice, and decomposition of the
interlayer sulfate anions, respectively. For Co-Fe2+-
Fe3+-LDH there are three endothermic events in the
DTA curves, including an obvious one at around 80 °C,
a small one in the temperature range of 120-160 °C,
and a particularly broad one in the temperature range
of 160-350 °C. But for Ni-Fe2+-Fe3+-LDH, there exhib-
its only one big endothermic peak in the range of room
temperature up to 150 °C. As a result, removal of
interlayer water, dehydroxylation of the lattice, and
decomposition of the interlayer sulfate anions are ap-
parently more facile for Ni-Fe2+-Fe3+-LDH, as these
events occur at lower temperatures than those observed
for Mg-Fe2+-Fe3+-LDH and Co-Fe2+-Fe3+-LDH. This is
also indicative of a decrease in the strength of hydrogen
bonds between water molecules and interlayer anions,
and thus a reduced electrostatic interaction between the
layers and the anions which facilitates the process for
weight loss, thus the structural transformation. This
result is consistent with the XRD and FT-IR data
discussed above.

Figure 5 displays the powder XRD patterns for the
materials obtained by calcination of LDHs at 900 °C for
2 h in air. Obviously, calcination has destroyed the
layered structure of the LDHs as no characteristic
diffractions of LDHs are present in the XRD patterns
for the calcined materials. In each case the character-
istic diffractions of a spinel ferrite with good crystallinity
are observed, and the XRD patterns for calcined LDH
can be indexed to a pure spinel ferrite, consistent with
the molar ratio of M2+/(Fe2+ + Fe3+) of 1:2 in the LDH
precursor, which is the same as the stoichiometric ratio
of M2+/Fe3+ in a single MFe2O4 itself. Furthermore, the
introduction of different M2+ cation gives a detectable
change in the lattice parameter a for the synthesized
cubic spinel phase. The value of the lattice parameter
a for MgFe2O4, CoFe2O4, and NiFe2O4 ferrite is 0.8394,

(23) Kloprogge, J. T.; Frost, R. L. J. Solid State Chem. 1999, 146,
506.

(24) Hernandez-Moreno, M. J.; Ulibarri, M. A.; Rendon, J. L. Phys.
Chem. Min. 1985, 12, 34.

(25) Titulaer, M. K.; Jansen, J. B. H.; Geus, J. W. Clays Clay Miner.
1994, 42, 249.

Figure 3. IR spectra for Mg-Fe2+-Fe3+-LDH (a), Co-Fe2+-Fe3+-
LDH (b), and Ni-Fe2+-Fe3+-LDH (c).

Figure 4. TG-DTA curves for Mg-Fe2+-Fe3+-LDH (a), Co-Fe2+-
Fe3+-LDH (b), and Ni-Fe2+-Fe3+-LDH (c).
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0.8383, and 0.8338 nm, respectively. This indicates that
the values of the lattice parameter vary as a function
of the M2+ ionic radii but the relationship is not
monotonic. This is probably because the lattice param-
eter can also be affected by the distribution of metal
cations in the spinel structure,26 which can directly
influence the magnetic performance of materials. On the
other hand, it can be seen from Figure 5 that the
calcined LDHs exhibit narrow diffraction lines, probably
indicative of a larger scattering domain size. The
average crystallite size may be estimated from the
values of the fullwidth at half-maximum (fwhm) of the
(311), (400), and (440) diffraction peaks by means of the
Scherrer equation [L ) 0.89λ/â(θ)cos θ],22 where L is
the crystallite size, λ is the wavelength of the radiation
used (0.15418 nm), θ is the Bragg diffraction angle, and
â(θ) is the fwhm. The average crystallite size for
MgFe2O4, CoFe2O4, and NiFe2O4 ferrite is about 38.6,
49.0. and 42.0 nm, respectively.

Figure 6 shows room-temperature Mössbauer spectra
for spinel ferrites taken in zero applied magnetic fields.
Mössbauer spectroscopy studies have confirmed that
there are partial overlaps of the two subspectra due to
the small difference between the hyperfine fields of the
iron atoms in the two sublattices for A and B sites, and
no signals due to the existence of other phases such as
Fe2O3 are observed, confirming that, as expected, the
Fe cations in all samples have a +3 oxidation state,
which implies that the typical composition for spinel
ferrites is MFe2O4. Therefore, the major component in
each case can be attributed to the two kinds of Fe3+ ions
(A and B site) in a spinel ferrite phase. For MFe2O4
spinel ferrite the degree of inversion can be calculated
from the relative areas of the Mössbauer subspectra.27

Assuming the ratio of the recoilless fraction is fB/fA )
0.94 at room temperature, the Mössbauer parameters
are given in Table 2. As a result, the structural formulas
of the spinel ferrites obtained by calcinations of the
LDHs are (Mg0.47Fe0.53)[Mg0.53Fe1.47]O4, (Co0.15Fe0.85)-
[Co0.85Fe1.15]O4, and (Ni0.12Fe0.88)[Ni0.88Fe1.12]O4, respec-
tively.

The field dependence of the magnetization of synthe-
sized spinel ferrites was measured using a vibrating
sample magnetometer (VSM) at room temperature. The
hysteresis loops of samples produced by calcination of
LDHs at 900 °C for 2 h are shown in Figure 7. Clearly,
the hysteresis varies with different samples, and the
values of the saturation magnetization is evaluated by
extrapolation of the magnetization vs 1/H to 1/H ) 0.
The saturation magnetization depends on the divalent
metal ions and ranges from 35.0 for MgFe2O4, 50.6 for
NiFe2O4, to 86.1 emu/g for CoFe2O4. As also shown in
Table 3, the saturation magnetization of all spinel
ferrites produced by calcination of LDHs have much
higher values than those of MFe2O4 produced by con-
ventional ceramic and wet chemical methods at 1100
°C for 10 h. This is because LDHs possess several
advantages as a precursor to spinel ferrites that lead
to enhanced saturation magnetization. Use of a molec-
ular precursor with cations randomly distributed with
no long order18 facilitates the synthesis of a homoge-
neous spinel phase. The close structural relationship
between the LDH precursor and its calcination products

(26) Navrotsky, A.; Kleppa, O. J. Inorg. Nucl. Chem. 1968, 30, 479.
(27) Šepelák, V.; Baabe, D. F.; Litterst, J.; Becker, K. D. J. Appl.

Phys. 2000, 88, 5884.

Figure 5. Powder XRD patterns for materials produced by
calcinations of Mg-Fe2+-Fe3+-LDH (a), Co-Fe2+-Fe3+-LDH (b),
and Ni-Fe2+-Fe3+-LDH (c).

Figure 6. Mössbauer spectra for materials produced by
calcinations of Mg-Fe2+-Fe3+-LDH (a), Co-Fe2+-Fe3+-LDH (b),
and Ni-Fe2+-Fe3+-LDH (c).
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is also a key factor. Rebours et al. have shown that
collapse of the layered structure on heating an LDH at
around 400 °C gives a poorly crystalline mixed metal
oxide, which can best be described as spinel-like phase.28

This phase preserves the particle morphology of the
LDH,29 suggesting a topotactic transformation. In this

case the (110) diffraction of the LDH transforms to the
(440) spinel diffraction. Furthermore, the fact that the
spinel is produced from a single solid precursor rather
than a mixture means that the calcinations process
requires a much shorter time and lower temperature,
leading to a lower chance of side reactions occurring.

Conclusions

A series of new pure layered double hydroxides
(LDHs) as potential spinel ferrite precursors containing
M2+ (M ) Mg, Co, and Ni), Fe2+, and Fe3+ cations in
the brucite-like layers and having sulfate ions in the
interlayer region with an M2+/(Fe2+ + Fe3+) molar ratio
of 0.5 in the synthesis product have been prepared by
coprecipitation method. Powder X-ray diffraction shows
the presence of only one good crystalline phase. The
detailed study on the structure of LDHs materials has
shown that the change in the composition brought about
by changing the M2+ cations results is small, but
significant changes were observed in the lattice param-
eters and band positions of the modes for infrared
adsorption. The TG/DTA analysis also indicates that in
accordance with the order of Mg-Fe2+-Fe3+-LDH,
Co-Fe2+-Fe3+-LDH, and Ni-Fe2+-Fe3+-LDH a decreasing
the strength of hydrogen bonds between water mol-
ecules and interlayer anions, and thus a reduced
electrostatic interaction between the layers and the
anions, facilitates its structural transformation. Espe-
cially, Mössbauer spectroscopy and powder X-ray dif-
fraction show that calcination of the tailored-type LDH
precursor affords a pure MFe2O4 spinel ferrite. Fur-
thermore, spinel ferrites derived from the LDHs precur-
sors has higher saturation magnetizations than samples
of the same materials produced by the conventional
ceramic and wet chemical routes. The major advantage
of the new method is that it affords uniform distribution
of all metal cations on an atomic level in the LDH
precursors; hence, the formation of spinel ferrites start-
ing from the LDHs requires a much lower temperature
and shorter time, leading to a lower chance of side
reactions occurring.
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Table 2. Mo1ssbauer Parameters Measured at Room Temperature for Materials Produced by Calcinations of the LDHsa

Mg-Fe2+-Fe3+-LDH Co-Fe2+-Fe3+-LDH Ni-Fe2+-Fe3+-LDH

site δ ∆E RA δ ∆E RA δ ∆E RA

(A) 0.025 0.125 25.31 0.084 0.005 42.64 0.100 0.0 41.99
[B] 0.151 0.013 74.69 0.200 0.005 57.36 0.201 -0.026 58.01

a (A) tetrahedral Fe3+ in MFe2O4; [B] octahedral Fe3+ in MFe2O4; δ(mm/s) isomer shift relative to sodium nitroprusside; ∆E(mm/s)
quadrupole splitting; RA(%) relative intensity of peak areas.

Figure 7. Hysteresis loops for materials produced by calcina-
tions of Mg-Fe2+-Fe3+-LDH (a), Co-Fe2+-Fe3+-LDH (b), and Ni-
Fe2+-Fe3+-LDH (c).

Table 3. Saturation Magnetization for Ferrites Produced
by Different Methods

saturation magnetization, emu/g

method for preparation MgFe2O4 CoFe2O4 NiFe2O4

LDHs precursors method 35.0 86.1 50.6
ceramic method 26.4 73.4 39.7
wet chemical method 26.6 73.1 40.6
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