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ARTICLE INFO ABSTRACT

Arfif{e history: The Zn- and Ni-doped spicular a-FeOOH precursor sample was obtained by coprecipitation-air oxidation
Received 27 January 2010 method. The NigsZngsFe,04 nanorods with an average diameter of 40nm and an aspect ratio of 20
Received in revised form 16 June 2010 were prepared after the calcination process for maintaining the morphology of a-FeOOH precursor. Cu,
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Co, Mn and La were doped into NipsZngsFe;04 to prepare Nig4Mo1ZngsFe;04 (M represents Cu, Co,
Mn, La) nanorods. The phase, morphology and particle diameter of the samples were studied by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The results showed that the aspect ratio

. of the Nip4Mo1ZnosFe;04 decreased with an increase in the absolute difference of the radius of the
Inorganic compounds . b . . . .
Electron microscopy dopant ion and Fe®*. Therefore, the aspect ratio of the Nigp4Cug 1ZngsFe;04 nanorods obtained by doping
Magnetic properties Cu was maximal and the value was higher than 25. The magnetic properties were measured using a
X-ray diffraction vibrating sample magnetometer (VSM), which indicated that the coercivity of the Nig4Mp1ZngsFe;04
sample decreased and the magnetization increased with an increase in the calcination temperature. The
higher anisotropy due to the rod-like structure of the ferrites is responsible for the superior magnetic
properties obtained in the present work compared to those reported for ferrites with irregular grain
shapes.
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1. Introduction paradigm [5,6]. As a result, the synthesis of one-dimensional
nanostructured spinel magnetic materials has become particularly

Spinel ferrites, MFe;04 (M=Mg, Mn, Fe, Co, Ni, Zn, Cu, Cd, etc.) important in the research of the magnetic materials.
are a technologically important group of materials owing to their In addition, it is very important to control the electrical resistiv-
diverse applications in high-density magnetic recording, ferroflu- ity and the magnetic properties of the ferrite in many applications.
ids technology, biomedical drug delivery and magnetic resonance For this purpose, two major possibilities are available: controlling
imaging (MRI) [1-4]. In recent years, considerable attention has  the sintering temperature and atmosphere or adding some addi-

been focused on the one-dimensional nano-sized particles of dif-  tjyes or substituents. Farea [7], Ashiq [8] and Shobanaa [9] studied
ferent ferrites because they could provide versatile building blocks the substitution of dopant cations into the spinel structure. Their
for fabricating functional nanoscale electronic, optoelectronic, pho- investigation showed a modification and improvement of the basic

tonic, chemical and biomedical devices based on the bottom-up  gJectrical and magnetic properties due to the substitution of iron
with dopant cations.

Various techniques such as sol-gel [10], coprecipitation [11],
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Fig. 1. The XRD pattern of Cu-doped precursor and Nip4Cug1ZngsFe;04 samples
obtained at different calcinations temperatures.

developed to synthesize nanoparticles of spinel ferrite. However, it
is not easy to control the micro-morphology of the ferrite using the
methods mentioned above. The preparation of one-dimensional
(1D) nanostructured ferrites remains a challenge owing to the high
symmetry of spinel structure which unfavorably induces 1D growth
if there are no additional restrictions [17,18].

In this work, FeCl,, Ni(NO3),, Zn(NOs3), and the precipitator
(NaOH) were used for the preparation of the Zn- and Ni-doped
spicular a-FeOOH precursor sample. NigsZngsFe;04 nanorods
were obtained by the calcining of the precursor. Based on the
Nig 5ZngsFe;04 nanorods, Nig4Mg1ZngsFe,04 (M represents Cu,
Co, Mn, La) nanorods were prepared through the doping process.
The effect of the dopant ions on the morphology, phase and the
magnetic properties of the Niy5Zng5Fe;04 nanorods was systemi-
cally studied.

2. Experimental

FeCl, (4g) and polyglycol (0.5g) were dissolved in deionized water and
stirred continually in a magnetic blender at 50°C. NaOH with the mass ratio of
m(NaOH)/m(FeCl,) equal to 4 was dissolved in another deionized water. Subse-
quently, the NaOH solution was poured into the FeCl, solution to obtain intermixture
A. According to the formula of Nig4Mg1ZngsFe;04 (M represents Cu, Co, Mn, La),
Zn(NOs )2, Ni(NO3 ), and M(NO3 ), were dissolved in appropriate quantities of deion-
ized water to get intermixture B. The intermixture B was then dripped into the
intermixture A using a perfusion tube. The dripping time was controlled at about
8 h. After the dripping process, the mixture was stirred continually for 5h. Subse-
quently, the product was filtered and washed several times until the washing liquid
was neutral. The precipitate was dried in the cabinet dryer at 80°C to get the pre-
cursor samples. These precursor samples were calcined for 1h at the temperature
of 300 °C. Then, the products obtained were further calcined at 500, 600, and 700 °C
respectively for 2 h. Finally, the Nig4My1Zng5Fe;04 samples were obtained.

The synthesized samples were subsequently characterized by X-ray diffraction
(XRD, Rigaku D/max-gB X-ray diffractometer with Cu Ko radiation) and transmis-
sion electron microscope (TEM, H-800). The magnetic properties were measured
using a vibrating sample magnetometer (VSM) at room temperature under a maxi-
mum field of 15T.

3. Results and discussion

The phase identification of the precursor and the as-prepared
Nig.4Mg 1Zng sFe; 04 samples was examined by XRD. Fig. 1 shows
the XRD patterns of Cu-doped precursor and Nig 4Cug 1ZngsFe;04
samples obtained at different calcination temperatures. These
peaks are indexed to a-FeOOH phase according to the standard
JCPDS, and no characteristic peaks of impurities (such as the

Fig. 2. The XRD spectrum of the doped Nip4Mo.1ZngsFe;04 samples (M represents
Cu, Co, Ni, Mn, La respectively) obtained at 600 °C.

peaks corresponding to Ni(OH);,, Cu(OH),, Zn(OH), ) are observed.
A comparison of the Nig 4Cug 1Zng5Fe;04 samples obtained at dif-
ferent calcination temperatures shows that some a-Fe,03 phase
appeared in the samples calcined at the temperature lower than
600°C. At 600°C and above, all the observed peaks could be
indexed as that of the spinel structure and no characteristic peaks
of impurities were detected. The XRD patterns of the doped
Nig.4Mg 1Zng sFe; 04 obtained at 600 °C are shown in Fig. 2. All the
diffraction peaks in the XRD patterns could be perfectly indexed
as spinel structure except that some characteristic peaks of La;03
appeared in the XRD pattern of the La-doped samples. It is possibly
due to the fact that the radius of La3* is much higher than that of
Ni2*, so it is not easy for La3* to enter into Nig 5Zng sFe,04 and take
up the position of Ni%* to form spinel structure. Consequently, La3*
existed in the form of La; O3 in the samples.

The morphology and particle sizes of the precursor and the as-
prepared Nig4Mg 1Zng 5Fe;04 samples were characterized by TEM.
Fig. 3A and B shows respectively the TEM images of the precur-
sor obtained without doping and Nig 5Zng 5Fe;04 sample obtained
at the calcination temperature of 600°C. It can be seen from the
TEM images that the morphology of the sample obtained with-
out doping was rod-like. The average diameter of the precursor
was 40nm and the aspect ratio was 20. From the compari-
son of the precursor and the NigsZngsFe;04 sample, it can be
found that though the length of the two samples may nearly
be the same, the average diameter of the NiysZngsFe,04 was
larger than that of the precursor, resulting in a decrease in the
aspect ratio. The TEM images of the Nig4Mg.1ZngsFe;04 (M rep-
resents Cu, Co, Mn, La) obtained by the calcination of the Cu,
Co, Mn, La doped precursor at 600°C are shown in Fig. 3C-F,
respectively. In contrast with the NigsZngsFe;04 sample, the
Nig.4Cug.1Zng5Fe;04 and Nig 4Cog 1Zng 5Fe; 04 samples were larger
in length and their diameters decreased, resulting in an increase
in the aspect ratio, which was higher than 25. However, the aver-
age diameter of the Nig 4Mng1ZngsFe;04 and Nig 4Lag 1ZngsFe;04
was higher than that of the NigsZngsFe;04, which resulted in
a decrease in the aspect ratio. The average diameter and length
of Nig4Lag1ZngsFe;04 were 60 and 500 nm, respectively. The
aspect ratio of Nig4Lag 1ZngsFe;04 was 10. The TEM images of the
Nig4Cug1ZngsFe;04 obtained at the calcination temperatures of
500 and 700°C are shown in Fig. 3G and H, respectively. As seen
from the TEM images, the diameter of the Nig4Cug1ZngsFe;04
samples increased with an increase in the temperature and the
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Fig. 3. The TEM images of the precursor and Nip5Zng5Fe;04 samples.

crystal defect was found to appear in the rod-like samples obtained
at the calcination temperature of 700°C.

Goethite presented the orthorhombic Pnma space group and
indicated that the unit cell contained four groups Me, O, OH
[19]. The structure is based on an HCP packing of oxygen and
hydroxide ions wherein half of the octahedral sites are filled
with metal ions. The structure could be described as a series of
double row octahedra that run parallel to (00 1); the double rows
are separated by vacant double rows. Each octahedron in the
double row shares two oxygen atoms from the same edge with
two different octahedra from the same double row. Meanwhile,
each octahedron shares two corners with two polyhedras from a
neighboring double row. Such a structure indicates the presence
of three different Me-Me distances. Thus, the external ion can
enter the inside of a-FeOOH along three different directions to
replace the position of Fe3*. Moreover, the diameter and aspect
ratio of a-FeOOH mainly depended on a preferential absorption of
dopant ions on the surface of growing crystals at the plane per-
pendicular to the crystallographic different axis. If the dopant ion
was preferentially absorbed in the c-axis direction, it would enter
the inside of the crystal along the c-axis direction, and thereby
the a-FeOOH particles would grow considerably in length (c-axis
direction) with a suppressed growth in width and thickness (a-
and b-axis directions, respectively). On the contrary, If the dopant
ion was preferentially absorbed in the a- and b-axis directions,
it would enter the inside of the crystal along the a- and b-axis
directions to replace Fe3*, which would decrease the step energy
of growth and increase the crystal growth velocity of the a- and
b-axis directions, resulting in an increase in the diameter of the
a-FeOOH particles. It should be mentioned that the entry direction
of the dopant ion depends mainly on the radius of the dopant
ion [20]. Thus, the less the absolute difference of the radius of
the dopant ion and FeZ*, the more prone the dopant ion was to
enter the a-FeOOH crystal lattice along the c-axis. As a result, the
a-FeOOH samples with a smaller diameter and a higher aspect
ratio were obtained. Betiana et al. [21] drew a similar conclusion
in the preparation process of Co- or Mn-doped a-FeOOH sample.

The corresponding ion radius of Fe2*, Zn2*, Cu?*, Co?*, Ni2*, Mn2*
and La3* irons were 0.74, 0.74, 0.72, 0.72, 0.69, 0.80 and 1.06,
respectively [22]. The absolute difference order of the radius of
the dopant ion and Fe%* was as follows: |r(La3*) — r(Fe2*)| > |r(Mn?*)
— r(Fe2*)| > |r(NiZ*) — r(Fe2*)| > |r(Co%*) — rFe?*)| = |r(Cu?*) — r(Fe2*)| >
|(Zn2*) — r(Fe%*)| (r represents the radius of the ion). The particle
size and aspect ratio of the Nig4Mg 1ZngsFe;04 (M represents Cu,
Co, Mn, La) obtained via the coprecipitation method depended on
the particle size and aspect ratio of M-doped a-FeOOH. Thus, it
can be concluded that the aspect ratio of the Nig4Mg 1ZngsFe;04
decreased with an increase in the absolute difference of the radius
of the dopant ion and Fe2*.

Table 1 shows the magnetic properties of Nig5ZngsFe,04 and
Nig4Mgp 1ZngsFe;04. As seen in Table 1, there is a reduction in coer-
civity with an increase in calcination temperature of the ferrites.
The Nigs5ZngsFe,04 sample obtained at the calcination temper-
ature of 500°C, whose coercivity, saturation magnetization and

Table 1
Magnetization measurement of the as-prepared Nip4Mo.1ZngsFe;04 samples.
X T(°C) Hc (Oe) Ms (emu/g) Mr (emu/g)
500 1323 8.6 21
Nig5ZngsFe;04 600 90.5 39.7 8.1
700 70.2 453 8.0
500 179.4 253 8.2
Nig4Cug.1ZngsFe;04 600 91.2 41.5 9.5
700 87.4 64.3 129
500 185.3 22.7 6.9
Nig.4Cop.1ZngsFe;04 600 94.2 46.4 6.4
700 85.6 62.2 14.0
500 169.4 183 7.2
Nip4Mng1ZngsFe;04 600 90.3 52.6 7.4
700 68.7 57.7 7.7
500 220.6 10.7 53
Nig4Lag1ZngsFe;04 600 71.2 28.9 5.6
700 50.5 32.8 7.0
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remanent magnetization are 132.3 Oe, 8.6 and 2.1 emu/g respec-
tively, exhibited the properties of hard magnetism due to the
presence of the rod-like a-Fe; O3 phase. The coercivity is found to
be close to that of rod-like a-Fe,03 reported in Ref. [23]. How-
ever, the magnetization improved on account of the existence
of the Nip5ZngsFe;04 phase in the sample. With the increase in
calcination temperature, the coercivity of the samples decreased
while the magnetization further improved. The variation in mag-
netization with an increase in calcination temperature could be
attributed to the following factors: better crystal structure perfec-
tion, increase in sample density, reduction in the shift resistance of
the magnetic domain, the strength of the magnetism transfer effect
and so on. The doped samples showed similar trend in coerciv-
ity and magnetization with an increase in calcination temperature.
In general, the coercivity of the Nig4Mg 1ZngsFe,04 samples cal-
cined at 500°C is higher than that of the undoped ferrite. This is
possibly due to the presence of the «-Fe, O3 phase in the doped sam-
ples obtained at 500 °C. The Nig4MgZng5Fe;04 samples calcined
at 600°C did not show a significant variation in coercivity with
change in radius of the dopant ion except for the La-doped sample.
The lower coercivity in the La-doped sample could be attributed
to the existence of the La,O3 phase. In case of the doped sam-
ples calcined at 700°C, a decreasing trend in the coercivity with
the increase in the absolute difference of radius of dopant ion
and Fe?* is observed. This shows a decrease in anisotropy in the
Nig4Mg.1ZngsFe;04 samples with increasing radius of the dopant
ion. The NigsZngsFe;04 with irregular shapes and sizes ranging
from 10 to 30 nm obtained by the coprecipitation method in Ref.
[24] exhibited lower coercivity (10-20 Oe) compared to the values
of our samples annealed at 600 °C. This is indicative of the higher
magnetocrystalline anisotropy possessed by the present samples.
The differences in magnetocrystalline anisotropy should be mainly
attributed to the differences in particle morphology [25]. As the
presence of shape anisotropy can significantly enhance the mag-
netic properties [26], a higher aspect ratio, resulting in a higher
shape anisotropy, can favor the increase of the coercivity.

4. Conclusions

The rod-like nano-Nig5ZngsFe;04 with a grain size of 40 nm
and an aspect ratio of 20 was prepared after the calcination of
the rod-like precursor. Nig 5Zng sFe,04 was doped with Cu, Co, Mn
and La to prepare rod-like nano-Nig 4Mg 1Zng 5Fe; 04 (M represents
Cu, Co, Mn, La). The results from TEM and VSM indicated that the

effect of the dopant ion on the morphology of Nig4Mg 1ZngsFe;04
depended on the absolute difference of the radius of the dopant ion
and FeZ*. The aspect ratio of the Nig4Mg_1ZngsFe;04 was found to
decrease with the increase in the absolute difference of the radius
of the dopant ion and Fe2*. For the sample obtained with the same
dopant iron, the diameter of the Nig4MjgZngsFe;04 nanorods
increased, the length of sample reduced, the coercivity decreased
and the magnetization increased with an increase in calcination
temperature. The magnetic properties of the present samples are
superior to those reported for ferrites with irregular grain shapes
and can be attributed to the higher anisotropy of the nanorods.
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