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Effect of Metal Ion on Conversion from M*/Fe*/Fe*/LDHs
to Spinel Ferrites under Mild Conditions
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Abstract: The Effect of divalent metal ion was studied on conversion of M*/Fe*/Fe*-LDHs (M=Co, Ni, Mn, Zn)
to spinel ferrites under mild conditions (below 100 °C in open air). The results show that the conversion is not
only affected by aging temperature but also by position of M** in periodic table of elements. Large radius of M?*
ions will result in much easier formation of spinel ferrites from LDH microcrystallines when these ions are in the
same period and close to each other. Also the existence of Fe* plays an important role in the process, and the

conversion could not happen without participation of Fe* under the conditions studied.

Key words: spinel ferrite; LDH microcrystalline; conversion; elemental effects; mild conditions

0 Introduction and low magnetic transition temperature®. Owing to

these properties, spinel ferrite has a wide application

Spinel ferrite, a kind of soft magnetic material
with formula of MFe, O, (M=Mn, Mg, Zn, Ni, Co, etc)"?,
has many interesting and important properties such as
high

expansion coefficient, low saturation magnetic moment

low melting point, specific heating, large

ek H #1.2013-10-31, W&okt H #1.2014-01-17,

in microwave devices, radar, digital recording, cataly-
sis, magnetic refrigeration systems, magnetic storage,
ferro-fluid technology, and many bio-inspired applica-
tions (e.g. as drugs carriers for magnetically guided

drug delivery and as contrast agents in magnetic
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6121 Metal cations have various

resonance imaging)
combinations in the lattice of spinel ferrite, which are
not only relative to the kind of metal cations but also
to their physical and chemical environments.
Performance of the material thus depends on its micro
structural properties that are sensitive to its mode of
preparation*".

Conventional chemical methods have been used
to prepare nanocrystalline soft ferrite, which includes
sol-gel™, coprecipitation™"¥, solvothermal, combustion,
etc. But these methods have more or less disadvan-
tages. Physical methods have many drawbacks such as
requirement of sophisticated instruments, high cost,
and wastage of material. Preparation of ferrites by
conventional ceramic method will produce hetero-
geneous large particle size and low surface area

materials®.

Moreover, the above methods also result
in pollution and unsafe situations: risks of explosion
often exist in energetic-ball-milling, solid-state
preparation, and hydrothermal methods; pollution is
also unavoidable in coprecipitation and sol-gel
preparation. Therefore, preparation of spinel ferrites
under mild conditions is necessary.

LDHs are a kind of two dimensional nano-
structured anionic clays whose structures can be
described as containing brucite-like layers in which a
fraction of divalent cations have been replaced
isomorphously by trivalent cations”. Research results
indicate that LDHs are potential precursors for
preparation of 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

[22:23]

ordering Some kinds of spinel ferrites were

prepared from 1999 P to 2004 ™ using the LDHs as
precursors, but they were all synthesized under high
temperatures.

In 2009, MgFe,0, was firstly prepared by conver-
sion of Mg**/Fe**/Fe**-L.DHs below 100 C™. In this
work, M*/Fe*/Fe**-1L.DHs (M=Co, Ni, Mn, Zn, Mg/Co
and Mg/Ni) were studied and their corresponding
spinel ferrite nanoparticles were all prepared under
100 °C at one atmosphere pressure. It was found that

the conversion process of LDHs was not only affected

by aging temperatures but also by existence of Fe*,
especially affected strongly by the existence of divalent
metallic ions with different activities. Some electrodes,
formed between M** or M*/M'?* to Fe?* or Fe*'/Fe’*,
were considered to be formed in the conversion
process, and they affected the microcrystal convers-
ions from M*/Fe*/Fe**-LDHs to spinel ferrites. PXRD
patterns and SEM images prove the presence of spinel
ferrite after M**/Fe?*/Fe’*-LDHs or their microcrys-
tallines aged from 60 to 100 °C, and the results from
characterizations on saturation magnetizations prove
that the content of spinel ferrites is increased
gradually with the aging temperature. Mossbauer
spectroscopic analysis indicates that the elemental
effect on the conversion of M**/Fe?*/Fe**-LLDHs to as-
prepared spinel ferrite depends on the ratio of
octahedral center site(A position) to tetrahedral center

site (B position) when M* is different.
1 Experimental

1.1 Materials
Chemicals used were all of A.R. quality from
Beijing Chemical Regent Company without further
purification: Fe(NOs);-9H,0 (>98.5wt%); FeSO,-7H,0
(>99.0wt%); Ni(NOs), -6H,0 (>98.5wt% ), Co(NO;), -
6H,0(>99.0wt%), Mn(NO,), (solution in water, 50.0wt%),
Zn(NO;3),-6H,0 (>99.0wt%) and Cu(NO;) (>99.0wt%).
Deionized water was used in all experiments.
1.2 Synthesis of M*/Fe*/Fe*-LDHs and their
spinel ferrites
Calculated amounts of Co(NO;),-6H,0, Ni(NO;),-
6H,0, Mn(NO;),, Zn(NOs),-6H,0, FeSO,- 7H,0, Fe(NO,);
*9H,0 and CuSO,:5H,0 were dissolved in deionized
and degassed water (C, > and C_ - are all 0.27 mol-L™),

respectively. Each solution above, about 100 mL, was
adjusted to pH value about 10.5 with a mixed solution
of Na,CO; and NaOH (Cy,04=1.50 mol-L", Cy,¢o,=0.75
mol - L.™") to form suspensions, respectively. Each susp-
ension was divided into four parts, and aged at
different temperatures (from 40 °C to 100 °C) for 18~
20 h in open air. The final products were obtained by
centrifugation, washing with deionized and degassed

water for several times, and drying at room temperature.
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All  processes were performed under the
protection of nitrogen gas.
1.3 Characterization
X-ray diffraction (XRD) patterns were recorded
on a Rigaku D/max-2500 diffractometer with a Cu Ko
radiation (A=0.154 18 nm, scanning speed of 10° -min™)
operated at 40 kV and 100 mA. Fourier transform
infrared (FTIR) spectra were recorded in range of
4000~400 cm™ with 2 em™ resolution on a Bruker
Vector-22 Fourier transform spectrometer using KBr
pellet technique (1.0 mg of sample in 100.0 mg of
KBr). Thermogravimetry (TG) and differential scanning
calorimetry(DSC) with «-Al,0; as the reference were
performed using HCT-2

Hengjun Instrument Company) at a heating rate of 10

thermoanalyzer (Beijing
°C *min ' from room temperature to 580 °C in air.
Magnetism of products was measured at room temp-
erature on a JDM-13 vibration sample magnetometer.

Scanning electronic microscopy(SEM) images of the

observed on a Shimadzu SS-550

15 keV. Mbossbauer spectra were

product were
microscope at
recorded with an Oxford MS-500 instrument at 293 K,
a radiation source of ¥Co in an Rh matrix was used,
and the isomer shifts were reported relative to sodium

nitroprusside.
2 Results and discussion

SEM images of the products aged at 40, 60, 80
and 100 °C are shown in Fig.1. Only particles with
average diameter of 30 ~40 nm are found in Mn-
product, leaf-like with some plate-like morphology is
found in Zn-product, only leaf-like morphology is
found in Ni-product, and only plate-like morphology is
found in Co-product after the four reactive mixtures
are aged at 40 “C. However after the mixtures are
aged at 60 °C, all plate-like morphology disappears
but particles are found in Co-product, most of leaf-

like morphology is disappeared and some particles

Fig.1 SEM images for the products aged at different temperatures: from a to d, e to h, i to I and m to p
are Mn-, Co-, Zn- and Ni-products aged at 40, 60, 80 and 100 °C, respectively



Fig.2 SEM images of aged products (at 100 °C) washed by HCI solution (Cg=12 mol-L™):
a, b, ¢ and d are Mn-, Co-, Zn- and Ni-products, respectively

begin to appear in Zn-product (aging temperature for
only particles in this product is about 80 °C). However
in Ni-product, the leaf-like products could be still
found until the aging temperature rises to 80 “C and
the leaves are changed into some nanoparticles and
plates after the sample is aged at 100 °C. The results
indicate that the sequence of nanoparticles in the four
different and the

aged products is plate-like

possibly  comes from the leaves
aging
phenomenon is found during the aging. Many small
(possibly, ZnCO;, CoCO; and NiCO;) are
formed and adsorbed on the plates. After these

products dissolve in HCI solution (Cyg=12 mol -L7"),

morphology

disaggregated in course. An interesting

particles

all plates are disaggregated to particles with a
diameter of 80~100 nm (from Co-product), 150~180
nm (from Zn-product) and 150~200 nm (from Ni-
(shown in Fig.2b, 2¢ and 2d). These

nanoparticles are spinel ferrites as proved by PXRD

product)

characterization. So the formation sequence of spinel

ferrites with aging temperatures is Mn-product < Co-
product < Zn-product < Ni-product, contrary to the
radius sequence of M* ions.

PXRD patterns of these aged products are shown
in Fig.3. Diffractions of the corresponding LDHs are
found in Co-, Zn- and Ni-products under low aging
temperatures. With the increased temperature, diffrac-
tions contributing to spinel ferrites (at about 31°, 35°,
43°, 53°, 57° and 63°) begin to appear in these
products. In Co-product, diffractions from Co*Fe*Fe-
LDHs are very weak at 40 °C (Fig.3B), but diffractions
from Co-spinel ferrite are found though they are very
weak. After the aging temperature rises above 60 °C
(inclusive of 60 °C), only diffractions of spinel ferrites
are observed, indicating most of Co*Fe*Fe’**-LDHs in
this product are converted into spinel ferrites. To Zn-
product, the aging temperature of 80 °C similar to
Co-product is required, but diffraction peaks of Ni**
Fe?*Fe’-LDHs are still found clearly after they are
aged at 100 °C . Contrary to the formers, seldom
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diffractions from LDHs but spinel ferrites are found at
(Fig.3A),

indicating Mn-spinel ferrite is the easiest formed in

any aging temperatures in Mn-product
all the syntheses. As to Cu-system, no spinel ferrite
and LDHs is formed at any aging temperatures (not
listed). It possibly comes from the Ginger Taylor effect
and the Cu** prefers to form planar coordination stru-
cture, which conflicts to the crystal structure of spinel
ferrite and LDHs. In the figure, Aa, Bb, Cc¢ and Dd
are standard XRD patterns of the four spinel ferrites
(coming from the software of MDIJade5.0). It can be
found that the spinel ferrites were really formed
during the aging courses by comparisons. The yields
of M-spinel ferrites at different aging temperatures are
listed in Table 1.
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Fig.3 XRD patterns for standard spinel ferrites (a), the
products aged at 40 °C  (b), 60 °C (c), 80 °C (d)
and 100 C (e) for 20 h (V and V¥ are the
characteristic diffractions of LDHs and spinel
ferrite, respectively): A, B, C and D are Mn-, Co-,

Zn- and Ni-samples, respectively

Also, during all experiments, there is no Fe;0,
formed. The XRD diffractions of Fe;O, are at about

30°, 35°, 42° and 62.5°7,

The above conversions are also reflected from
their FTIR spectra (Fig.4). With increase of aging
temperatures, bending vibrations of free CO;’~ in
interlayer of LDHs at 1360 c¢m ™ are decreasing
gradually in Co-, Zn- and Ni-products. To Co-product,
absorption of COs*~ in Co**Fe*'Fe’*-LDHs disappears
after the sample is aged at 60 °C and the phenomenon
is also found in Zn-product after it is aged at 100 C
(absorptions of CO3*~ from MCO; are found on the left
side of 1 360 ¢cm™ in the figure). However no absorp-
tion of CO;*" in interlayer of LDHs but in MnCO; is
found in Mn-product even the sample is aged at 40
°C, indicating no LDHs are formed in the synthesis,
which is consistent with the results from XRD
analysis. The absorptions of M-OHs, at about 3 375

1

cm ™, in the structure of LDHs also show the same

variable rules as those of CO5* groups in interlayer.
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Fig.4 FTIR spectra of the products aged at 40 C (a),
60 °C (b), 80 °C (c) and 100 °C (d): A, B, C and
D are Mn-, Co-, Zn- and Ni-products, respectively

The change of infrared absorptions from Fe**-O
and Fe’*-0 in these aged products also supports the
above discussion. Stretching vibration absorptions of
M?*-0 (M: Mn, Co, Zn and Ni) and Fe**-O bonds in

tetrahedral and octahedral groups are known at about

Table 1 Conversion ratio of spinel ferrite in different reactive systems aged at different temperatures

Product aging temperature / °C

M-spinel ferrite

40 60 30 100
Mn 54.28 66.40 78.35 79.43
Co 8.49 62.94 66.74 75.39
Conversion ratio / %
Zn 4.73 38.07 54.06 57.90
Ni 0.00 23.25 38.84 40.85
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600 cm™ and 400 ecm™ in spinel ferrites™?), respecti-
vely. They are found at about 580~595 ¢cm™ and 410~
440 ecm™ in some of our products in Fig.4. Before
formation of the spinel ferrite, absorption of Fe** ions
in LDHs is at about 800 cm™™! which could be found
in Co-, Zn- and Ni-products after they are aged at 40
°C. With increase of aging temperature, some LDHs
disaggregate. Fe** ions are released from LDHs and
oxidized to Fe** ions to enter into octahedral center,
and M?* ions are released from LDHs to enter
tetrahedral center in spinel ferrites, the stretching
vibration absorptions of M**-O and Fe’*-O in spinel
ferrites are

enhanced, despite of the different

enhanced speed in different aged products as shown

in Fig.4. However, absorption of Fe*-O in Mn-product
is not found at any aging temperatures, indicating
most of Fe’* ions in the initial solution are oxidized
and enters into framework of spinel ferrites directly.
In Zn- and Co-products, absorption of Fe**-O in LDH
(at about 793 em™) is found at aging temperature of
40 °C, but it is hardly found after the sample is aged
at 60 “C. Compared to Zn- and Co-products, decayed
ratio of Fe?*-O absorption in Ni-product is slower, it
could be still found after the corresponding product is
aged at 100 °C. Accompanying with the decrease of
Fe?*-O absorptions, absorptive intensity of Fe’*-O (at
about 400 cm ™) in octahedral center of the aged
products is increased gradually (Fig.4).

Table 2 Weight loss for four kinds of products aged at different temperatures

Product aging temperature / °C

M-product
40 60 80 100
Mn 10.39 8.90 6.63 4.18
Co 19.23 943 8.08 5.56
Weght loss / %
Zn 31.52 12.31 5.76 2.71
Ni 31.68 20.84 17.47 13.89

Weight / %

100 200 300 400 500
Temperature / 'C

Weight / %

100 200 300 400 500
Temperature / 'C

Weight / %

Weight / %

100 200 300 400 500
Temperature / 'C

100 200 300 400 500
Temperature / °C

Fig.5 TG curves for the products aged at 40 °C (a), 60 °C (b), 80 °C (c) and 100 °C (d):
A, B, C and D are Mn-, Co-, Zn- and Ni-products, respectively
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Elementary effect on conversion of M**Fe®*Fe’*-
LDHs to spinel ferrites is also proved by TG analysis,
and weight losses of the products aged at different
temperatures are listed in Table 2 and shown in Fig.5.
When aging temperature is at 40 °C, total weight loss
of Zn- and Ni-products is almost the same, larger than
that of Mn- and Co-products. Because most part of the
products are LDHs and the weight loss comes from
disaggregated CO;*" and water in interlayer and adso-
rbed on surface of LDHs. After the aging temperatures
are raised above 60 °C and 80 °C, weight loss of Co-
and Zn-products is getting less and less, because
conversions from LDHs to spinel ferrites almost
complete after the two products are aged at 60 °C and
80 C, and weight loss of two products mainly comes
from the adsorbed water and disaggregated MCOs;.
Comparing to Co- and Zn-products, variations on
weight loss of Ni-product aged at different tempera-
tures are not so large, for their main component of
LDHs. As to Mn-product, weight loss in every

temperature step is less than the others, because of

A i
50
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almost no LDHs formation from initial

aging
temperature.

Méssbauer spectroscopic  (assuming the ratio of
recoilless fraction is f3//,=0.94 at room temperature)
analyses indicate the elementary effects in as-
prepared spinel ferrites by calculating change role of
(A) position (octahedral center) and [B] position
(tetrahedral center) when M?* is different. As it is
known that the fraction of (A) and [B] sites occupied
by Fe** and M* in spinel ferrites, respectively, RA ypg
will reflect the conversion course from LDHs to spinel
ferrites, for (A) sites not only came from Fe’* ions but
also came from oxidized Fe’* ions in conversions.
Some values for RAyp to different products aged at
60 °C were list in Table 3. The sequence of RA 4 in
different products indicates that conversion in Co®*/
Fe/Fe**-LDHs is the easiest and Ni**/Fe’"/Fe’*-L.DHs

Table 3 RA calculated from mssbauer parameters
in the products aged at 60 °C

Mn-product ~ Co-product  Zn-product  Ni-product

RA 1.29 125 0.73 0.61

5000 10 000
Applied magnetic field / Oe

-10 000 -5000

5000 10000 15000
Applied magnetic field / Oe

-15000 -10 000

Fig.6 Hysteresis loops for products aged at 40 C (a), 60 °C (b), 80 °C (c) and 100 °C (d):
A, B, C and D are Mn-, Co-, Zn- and Ni-products, respectively
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Table 4 Saturation magnetization values for four kinds of products aged at different temperatures
Product aged at temperature / °C
M-product

40 60 80 100
Mn 38.81 53.29 60.18 69.11
Co 3.12 50.87 59.69 61.45

Saturation magnetization value / (emu-g™)

7Zn 1.72 4.05 10.07 11.01
Ni 1.40 23.56 37.19 38.71

is the most difficult. Hysteresis loops of four aged
products at different temperatures were shown in Fig.6
and their corresponding saturation magnetization values
were list in Table 4. The given results indicated that 6
(saturation magnetization) value of Mn-product is
38.81 emu +g™ and other products had almost no
response in external magnetic field after aged at 40
°C. But when aging temperature was raised to 60 °C,
all these products exhibit magnetic perfor-mances,
and 6 values of Co-product is closed to that of the
aged product at 100 “C. However, the required aging
temperature is about 80 °C for Zn- and Ni-products.
The above results indicate that there exists a
strong rule during formation of spinel ferrites in our
work when M?* ions are different: Mn®* is easier than
Co*, Co®™ is easier than Zn*, Zn®>* is easier than Ni*,
and Cu* system cannot form spinel ferrites in synthesis.
Considering they are in same period and sequence of
their radius is Mn**(0.080 nm) > Co**(0.075 nm) >
Zn**0.074 nm) > Ni**(0.072 nm) > Cu**(0.069 nm),
(in Mn** and Cu**

reactions) and conversion from LDHs to spinel ferrites

formation of spinel ferrites

(in Co**, Zn®* and Ni** reactions) are possibly contr-

100
Znr Co™ Mun?
= 801 Lt
= : :
GE) .
£ oo
&
E
& 40-
©
£
& —a—40°C
207 o Lo —9—60 C
: Lk S0
: . . —r— N
04+—L— " . . :
0.068 0.070 0.072 0.074 0.076 0.078 0.080 0.082

Radius of M** / nm

Fig.7 Relationships between radius of M* ions and
formation ratio of spinel ferrites (S. F.) (%)

under different aging temperatures

olled by radius of M* ions. Fig.7 shows some relation-
ships between radii of M?* ions and the conversion
ratios (%) from their corresponding LDHs to spinel
ferrites. It can be clearly found that the yield of spinel
ferrites decreases with radius decrease of M** ions.
The framework of LDHs are composed by M**-O-Fe**
(Fe’*) (Scheme 1), bonds formation of M?**-O and O-
Fe**(Fe’*) will decide the yield of LDHs in different
syntheses. Considering the scope of elements forming
LDHs, smaller radius of M** will be easy to enter
centers of octahedral to form framework of LDHs
accompanying Fe’* ions. But to M?* ions with large
radius, it is difficult to form the framework of LDHs
and the LDHs formed by this kind of ions will be not
stable because of the crowded space around Fe®* ions.
After these unstable LDHs are aged at a certain
LDHs will be

reassembly will happen. The

temperature, framework of the
disaggregated and
disaggregation course will be easier with increase of
(M: Fe'*

and M**) units in solution tend to form a more stable

M?* radius, and these disaggregated M"*-O

compound. In Fe**-O units, Fe* ions are in octahedral

o : Fe** cation

A: a simulative scheme on influence of M*

Scheme 1

radii in disaggregated course of M*/Fe*/
Fe*-LDHs at a certain aging temperature;

B: scheme for spinel ferrite’s formation



%5

A S R AT ICR A M2/Fe/Fe-LDHs # AL AR i f1 8k S M0 72 1Y 52 ) 1127

center (hybridized orbital form of Fe’* is d’p?) and
M?*-O units conecting to Fe’* by oxygen are inclined
to form tetrahedral center, which will decrease the
space-block greatly. Spinel ferrites are then formed
under this circumstance. A  simulative course
illustrating this conversion is shown in Scheme 1.

In addition, it should be mentioned that Fe* ions
play an important role in conversion from M*/Fe*/Fe*
-LDHs to their corresponding spinel ferrites. Without
the participation of Fe’*, the conversion could not

happen. This issue is now under a further study.
3 Conclusions

Conversions from M*/Fe*/Fe’**-LLDHs (M=Co, Ni,
Mn, Zn) to spinel ferrites under 100 °C in open air
were studied. The results show that the conversions
are not only related to the aging temperature, but also
to radius of M* ions. M** in M*/Fe**/Fe**-1.DH with a
small radius will lead to a difficult conversion to its
corresponding spinel ferrite, and larger radius of M?*
in M?>*/Fe**/Fe’*-LDHs will accelerate the conversion,
i.e., there exist elementary matching effects in the
LDHs when they are converted into spinel ferrites.
Fe? ion plays an important role during the conversion,
could not without  the

and conversion occur

participation of Fe*.
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