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Abstract—A number of tetrametallic layered double hydroxides containing magnesium and cobalt on the site
of doubly charged cations in the structure of brucite-like layers and aluminum and iron on the site of triply
charged cations have been synthesized using three distinct methods: coprecipitation, microwave synthesis,
and hydrothermal crystallization. A sodium hydroxide solution was used as a precipitant. The results demon-
strate that all three methods yield a well-crystallized hydrotalcite-like layered hydroxide and an impurity
phase. We believe that it is the impurity phase which is responsible for the magnetism of the materials. Most

likely, this phase is spinel CoFe,Oy,.
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INTRODUCTION

The layered double hydroxides (LDHs), or hydro-
talcite-like compounds, are basic salts with an unusual
layered structure. The general formula of this class of
compounds is [Mlzfof:(OH)Jx+ [(A"),,, - mH,0l,
where M?* and M3 are metal ions residing on the
octahedral site in the brucite-like layers and A"~ rep-
resents anions, which compensate for the positive
charge of the brucite-like layers [1, 2]. The specific
structural features of the hydrotalcite-like compounds
and the diversity of cations that can be present in their
composition underlie the unique ion-exchange [3],
sorption [4, 5], electrical [6], and catalytic [7, 8] prop-
erties of the LDHs and their thermal destruction
products. Considerable attention has been attracted by
the possibility of preparing LDHs having magnetic
properties. Such an effect is observed if both iron and
cobalt cations are present in the system [9].

In a previous study, Ryl’tsova et al. [ 10] synthesized
a MgCo/AlFe LDH series in carbonate form via
coprecipitation at variable pH. It was shown that only
iron- and cobalt-rich samples had magnetic proper-
ties, which was most likely due to the presence of an
impurity phase. Those materials, which were in effect,
composites, were proposed for use as magnetic sor-
bents [11].

The necessity of adding large amounts of iron and
cobalt to obtain magnetic materials has a negative effect
on the crystallinity of the hydrotalcite-like phase.

The purpose of this research was to find a method
and optimize conditions for the synthesis of
MgCo/AlFe LDH materials having magnetic proper-
ties at room temperature at the minimum possible iron
and cobalt concentrations.

EXPERIMENTAL

As sources of metal cations, we used the following
salts: Mg(NO,), - 6H,0, Co(NO), - 6H,0, AI(NO;); -
9(H,0), and Fe(NO;); - 9H,0. All of the reagents
were of analytical grade.

Multimetallic LDHs with the general formula
(Mg, _ ,Co,)e(Al, _ Fe ),NO; - mH,O were synthe-
sized by three methods: coprecipitation at variable pH,
hydrothermal crystallization, and microwave process-
ing. The degree of substitution of cobalt for magne-
sium (x) and iron for aluminum () was varied in the
range 10—50 at %.

Coprecipitation was carried out by adding a sodium
hydroxide solution to a solution containing appropri-
ate amounts of salts. The total concentration of metal
ions in the starting reaction mixture was 1 M, and the
ratio of the molar concentration of the doubly charged ions
to that of the triply charged ions was [M*]/[M3*] = 3.
During the synthesis process, the pH of the mixture was
brought to 9—10. The resultant precipitates were aged
under the mother liquor for 24 h at room temperature
and for an additional two days at 98°C. The hydrother-
mal synthesis of the LDHs was carried out in an Auto-
clave Engineers Parker autoclave at a temperature of
140°C and a pressure in the range 250—304 kPa over a
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period of two days. In microwave synthesis, we used a
700-W MARS-6 reactor. The microwave treatment
time was 10 min. In the hydrothermal and microwave
syntheses, the composition and pH of the reaction
mixture were identical to those indicated above for the
coprecipitation method. Hereafter, the following des-
ignations are used for the samples prepared via copre-
cipitation, hydrothermal crystallization, and micro-
wave synthesis: MgCoX/AlFeY-c, MgCoX/AlFeY-ht
and MgCoX/AlFeY-mw, respectively, where X and Y
are the nominal mole percentages of cobalt and iron
among the di- and trivalent metals in the starting mix-
ture. The precipitation products obtained by all three
methods were separated from the mother liquor, and
the samples were washed with distilled water and dried
at 120°C.

X-ray diffraction patterns were collected on a
Rigaku diffractometer (CuK|, radiation) with a 20 scan
step of 0.02°. The morphology of the synthesized
LDHs was examined by transmission electron micros-
copy (TEM) on a JEOL JEM-2100 operated at an
accelerating voltage of 200 kV. In addition, the struc-
ture of the samples was characterized by selected area
electron diffraction. The elemental composition of the
samples was determined on a FEI Quanta 200 3D
scanning electron microscope equipped with an
EDAX energy dispersive X-ray (EDX) spectrometer
system, at an accelerating voltage of 30 kV. IR spectra
of the synthesized materials were measured on a Shi-
madzu IR Prestige 21 Fourier transform IR spectrom-
eter using samples pressed with potassium bromide.
The ability of the samples to be attracted by a magnet
was assessed using a magnet in the form of a paral-
lelepiped 49 x 8 X 4 mm in dimensions, made of a
Nd—Fe—B alloy.

RESULTS AND DISCUSSION

In a previous study [10], a mixture of sodium
hydroxide and sodium carbonate was used as a precip-
itant solution in the synthesis of iron- and cobalt-con-
taining LDHs in carbonate form. As shown in subse-
quent experiments, precipitation with only a sodium
hydroxide solution leads to manifestation of magnetic
properties at considerably smaller amounts of iron and
cobalt in the samples. In this study, sodium hydroxide
was used as a precipitant. As a result, nitrate anions
prevailed in the LDH samples, but the presence of
carbonates originating from atmospheric carbon diox-
ide was also possible.

The presence of nitrogen in the samples was con-
firmed by X-ray microanalysis results (Fig. 1). Carbon
content (in the form of carbonates) was below the
detection limit of the method. The EDX spectra
detected all of the metals used in synthesis, without
signals from foreign elements. Table 1 presents the
atomic fractions of the metal cations as evaluated from
the X-ray microanalysis results. It follows from the
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M?2*/M3* ratio that the content of doubly charged cat-
ions in the samples prepared via coprecipitation is on
average higher than that in the samples prepared by
the other two methods. The content of doubly charged
cations is relatively lower in the samples prepared by
microwave synthesis.

The IR spectra of all the samples are typical of the
hydrotalcite-like compounds (Fig. 2) and confirm the
presence of nitrate anions in the composition of the
synthesized materials. The spectra contain a split band
in the range 1370—1515 cm~!. The strong peak at
1384 cm~! is commonly assigned to antisymmetric
stretching vibrations of nitrate anions. The shoulder
between 1470 and 1515 cm™! is attributable to a reduc-
tion in the symmetry of some nitrate anions from Dj;,
to C,, that is, from “free” anions to monodentate
and/or bidentate ones [12]. According to data in the
literature, the region under 1000 cm™! contains not only
bands corresponding to bending vibrations of nitrate
anions but also bands arising from metal—oxygen vibra-
tions [12—14]. The weak band in the range 2250—2375
cm™! is commonly assigned to atmospheric CO,.

Figures 3—5 show X-ray diffraction patterns of the
samples prepared by different techniques. In all cases,
the LDH phase prevails: all the X-ray diffraction pat-
terns contain seven reflections from it: 003, 006,
009/012, 015, 018, 110, and 113. The strongest and nar-
rowest reflections are observed in the X-ray diffraction
patterns of the LDH samples synthesized under
hydrothermal conditions (Fig. 4), suggesting that
these samples have a high degree of crystallinity. Using
the Rietveld method, we evaluated the lattice parame-
ters of the LDHs (Table 1). The ¢ cell parameter cor-
relates with the interlayer spacing, and the a cell
parameter characterizes the distance between neigh-
boring cations in the brucite-like layers [1, 15, 16]. The
incorporation of cobalt and iron cations, which are
larger than magnesium and aluminum, into the struc-
ture of the brucite-like layers was expected to cause an
increase in the parameter a. Indeed, there is such a
trend in the LDH series prepared through coprecipita-
tion and by hydrothermal treatment (Table 1): a
increases with increasing iron and cobalt content.

All of the synthesized samples, except
MgCo10/AlFel0-mw, readily become agglomerated
under the effect of an external magnetic field and are
capable of attracting to a magnet. There are two oppo-
site opinions in the literature as to the nature of the fer-
romagnetism of cobalt-iron LDHs. It was reported by
Li et al. [9] that room-temperature ferromagnetism
was only observed in samples containing more than
50 at % cobalt and iron on the sites of doubly and tri-
ply charged cations, respectively. They interpreted the
ferromagnetism of the obtained LDHs in terms of the
coexistence of Co**—0?*—Co?" ferromagnetic inter-
actions and Co* —0O* —Fe3* and Fe3*'—0O?>—Fe3t
antiferromagnetic interactions. This inference was,
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Fig. 1. Energy dispersive X-ray microanalysis results for the samples prepared by different techniques: (a) MgCo40/AlFe40-c,
(b) MgCo40/AlFe40-ht, and (c) MgCo40/AlFe40-mw.

Table 1. Atomic fractions of the constituent metal cations and lattice parameters of the LDH phase

Atomic fractions of the cations”
Sample M2t /M3t c, A a, A
Mg2* Co?t A Fe3*

MgCo10/AlFel0-c 0.682 0.096 0.191 0.031 3.50 23.88 3.09
MgCo20/AlFe20-c 0.604 0.173 0.172 0.052 3.48 24.14 3.09
MgCo30/AlFe30-c 0.512 0.258 0.145 0.085 3.35 23.84 3.09
MgCo40/AlFe40-c 0.435 0.338 0.117 0.109 3.41 24.00 3.10
MgCo50/AlFe50-c 0.382 0.388 0.101 0.128 3.36 23.93 3.12
MgCo10/AlFe10-ht 0.672 0.091 0.203 0.035 3.22 23.88 3.03
MgCo20/AlFe20-ht 0.595 0.168 0.186 0.051 3.21 23.97 3.09
MgCo30/AlFe30-ht 0.524 0.225 0.172 0.079 2.97 23.93 3.09
MgCo40/AlFe40-ht 0.447 0.306 0.139 0.109 3.04 24.02 3.10
MgCo50/AlFe50-ht 0.366 0.382 0.126 0.127 2.97 23.94 3.12
MgCol0/AlFe10-mw 0.633 0.102 0.228 0.037 2.78 23.30 3.07
MgCo020/AlFe20-mw 0.572 0.187 0.179 0.062 3.14 24.53 3.10
MgCo30/AlFe30-mw 0.486 0.264 0.161 0.089 3.00 23.83 3.08
MgCo40/AlFe40-mw 0.449 0.295 0.147 0.108 2.92 23.49 3.10
MgCo50/AlFe50-mw 0.345 0.400 0.116 0.138 2.93 23.48 3.07

* Evaluated from the EDX spectra.
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Fig. 2. IR spectra of the samples prepared by different techniques: (/) MgCo40/AlFe40-c, (2) MgCo40/AlFe40-ht, and (3)
MgCo40/AlFe40-mw.
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Fig. 3. X-ray powder diffraction patterns of the samples prepared through coprecipitation: (/) MgCol0/AlFel0,
(2) MgCo020/AlFe20, (3) MgCo30/AlFe30, (4) MgCo40/AlFe40, (5) MgCo50/AlFe50.

however, refuted by Abellen et al. [17]. They believe The present results are consistent with what was
that room-temperature magnetism in such systems reported by Abellen et al. [17]. Most of the samples
can be due to the presence of amorphous impurity synthesized by us are not single-phase materials. Their
phases, such as ferrihydrite (FeOOH) or iron oxide X-ray diffraction patterns show reflections from an
(maghemite and magnetite) nanoparticles, which can  impurity phase, and there are grounds to believe that
be undetected by X-ray diffraction. this phase is responsible for the magnetic properties of
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Fig. 4. X-ray powder diffraction patterns of the samples prepared by hydrothermal synthesis: (/) MgCol0/AlFel0,
(2) MgCo020/AlFe20, (3) MgCo30/AlFe30, (4) MgCo40/AlFe40, (5) MgCo50/AlFe50.
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Fig. 5. X-ray powder diffraction patterns of the samples prepared by microwave synthesis: (/) MgCol0/AlFel0,
(2) MgCo020/AlFe20, (3) MgCo30/AlFe30, (4) MgCo40/AlFe40, (5) MgCo50/AlFe50.

the material. Indeed, the reflections from the impurity The nature of the phase responsible for the mag-
phase are weaker in the X-ray diffraction patterns of netic properties of the samples remains open to ques-
the samples prepared by microwave synthesis, and the tion. Comparison of the X-ray diffraction patterns of
sample obtained by this method and containing little  the synthesized samples with reference data leads us to
iron and cobalt is not attracted by the magnet. assume that the impurity phase is CoFe,0, (PDF2 no.
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Fig. 6. TEM images of the samples prepared by different techniques: (a) MgCo40/AlFe40-c, (b) MgCo40/AlFe40-mw, and (c)
MgCo40/AlFe40-ht; (d) selected area electron diffraction pattern of particles of the impurity phase (CoFe,0y).

00-001-1121). The spinel structure, with the 111, 220,
311, and 511 reflections, was identified with certainty
in the X-ray diffraction patterns of the samples pre-
pared via coprecipitation. The formation of a spinel
phase is also evidenced by the fact that trimetallic
LDHs containing only iron or only cobalt have no
magnetic properties.

Spinel CoFe,0, is known to exhibit ferromagnetic
behavior at room temperature [18]. The formation of
such structures is possible under the synthesis condi-
tions of this study. In particular, according to Roy et al.
[19] CoFe,0, can be formed in the case of coprecipi-
tation with a sodium hydroxide solution from aqueous
solutions of Co(II) and Fe(III) chlorides in the molar
ratio 1 : 2 at 80°C. Liu et al. [18] described the hydro-
thermal synthesis of spinel CoFe,0O, nanoparticles at
different temperatures from 90 to 180°C with the use
of cobalt(II) acetate and iron(III) chloride as sources
of metal cations and potassium hydroxide as a precip-
itant.

The morphology of the samples synthesized in this
study was examined by TEM. The samples prepared
by all three methods were observed to contain aggre-
gates of platelike particles, including those hexagonal
in shape, characteristic of LDHs (Fig. 6). Along with
them, crystals with another shape were observed. Fig-
ure 6d shows a selected area electron diffraction pat-
tern of the impurity phase in the MgCo40/AlFe40-ht
sample. The observed diffraction rings can be indexed
as 220, 311, 400, 422, 511, and 440, which corresponds
to the face-centered cubic spinel lattice and agrees
with the X-ray diffraction data. Most likely, precipita-
tion with a mixture of sodium hydroxide and sodium
carbonate in our previous studies [10] is less favorable
for the formation of the spinel phase because of the
precipitation of basic iron and cobalt carbonates. The
use of a carbonate-free reaction system in this study
resulted in the formation of a magnetic phase at lower
iron and cobalt concentrations.
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CONCLUSIONS

Materials containing MgCo/AlFe LDHs can be
prepared not only via coprecipitation but also by
hydrothermal treatment and microwave synthesis. If
sodium hydroxide is used as a precipitant, the samples
acquire magnetic properties at lower iron and cobalt
concentrations than in the case of the hydroxide—car-
bonate precipitation process. The magnetic properties
of the synthesized materials are probably due to the
presence of spinel CoFe,0, as an impurity phase. At
identical reaction mixture compositions, microwave
synthesis yields a smaller amount of the spinel phase.
All three synthesis methods yield a well-crystallized
LDH phase in nitrate form.
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