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a b s t r a c t

CoFe2O4, Co1-x(Cu, Ni and Zn)xFe2O4, and Co1-xGdxFe2O4þd nanostructures are successfully obtained, via
electrospinning technique, using metal nitrates as source of metallic ions (M) and polyvinylpyrrolidone
(PVP) as polymeric carrier. FTIR spectra of the as-spun fibers indicate the presence of both, PVP and M
ions, interacting through amide-M coordination bonds. Thermogravimetric analyses of the as-spun fibers
show that 400 �C is the temperature at which samples lose the maximum amount of weight. After
thermal treatments at 300, 600, 800, and 900 �C for 2 hours black powders were obtained. Their XRD
patterns show the presence of a pure crystalline spinel-type phase. Fiber morphology was corroborated,
for as-electrospun and fired samples at 600 �C (for 2 h), by SEM. Vibrating sample magnetometry (VSM)
measurements show the characteristic ferrimagnetic behavior and, saturation magnetization and coer-
civity, values tailored by substitution of cobalt ions. TEM and HRTEM micrographs of samples treated at
600 �C for 2 h corroborate the presence of nanostructured particles of a spinel phase.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pure and substituted ferrites are strategic materials which are
used in a wide variety of modern technologies. They exhibit
excellent magnetic, refractory, semiconducting, catalytic and
sorption properties with application in fields such as catalysis,
electric, electronic, environment, health, renewable energies, just
to mention some [1e7].

The ferrimagnetic properties of pure or substituted ferrites
depend on several factors, where two of them, play an important
role on their performance, those are composition and structural
arrangement [8,9]. The chemical composition of ferrites is directly
related to their ferrimagnetic properties, due to the intrinsic mag-
netic moment associated to each element (or elements) chosen [1].
By contrast, structural arrangement is a complex “sum of factors”
which is related to the final properties of pure or substituted fer-
rites. This “sum of factors” includes the long-range atomic ordering
ctrospun; D, Dried.

.mx, smmontemayor@gmail.
and crystallite size [10,11]. The effect of characteristic structural
features on magnetic properties is associated to the spatial
arrangement of the different type of atoms [1]. Currently, it is well-
known that several properties of many materials, included the
magnetic ones, are quite different when their particle size is in the
nanometric scale [12,13]. Likewise, their morphology has an effect
on the ferrimagnetic properties. Therefore, there is not the same
result when the ferrites have a spherical shape, that when they
have a cylindrical form [14,15].

The purpose of this research was focused to fabricate nano-
structured pure and substituted ferrites, with formulas CoFe2O4,
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03, via electro-
spinning in order to obtain magnetic fibers.
2. Materials and methods

The chemical reagents used were polyvinylpyrrolidone (PVP)
360,000 g/mol, bought from Scientific Polymer Products, cobalt
nitrate hexahydrate (Co(NO3)2$6H2O), copper nitrate hydrate
(Cu(NO3)2$H2O), gadolinium nitrate hexahydrate (Gd(NO3)3$
6H2O), iron nitrate nonahydrate (Fe(NO3)3$9H2O), and nickel ni-
trate hexahydrate (Ni(NO3)2$6H2O), obtained from Aldrich. Ethanol
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and N,N-dimethylformamide (DMF) used were reactive grade from
J. T. Baker.

The precursor solutions were prepared using stoichiometric
amounts of metallic nitrates in order to obtain the pure cobalt
ferrite (CoFe2O4) and the substituted ferrites (Co0.5Cu0.2-
Ni0.2Zn0.1Fe2O4 and Co0.94Gd0.06Fe2O4.03). The PVP/metal molar ra-
tio was 3:0.001 and 15mL of ethanol and 5mL of DMFwere used as
solvents.

All the precursor solutions were electrospun under the same
conditions to obtain the fibers. To that purpose, each precursor
solution was loaded in a plastic syringe equipped with a 21 gauge
stainless steel blunt end needle, connected to a high-voltage sup-
ply. Using a syringe driver (peristaltic pump) the solution was
continuously delivered on the collector, an aluminum foil placed at
15 cm from the tip of the needle, at a rate of 1 mL/h. The applied
voltage was 20 kV. The formed fibers were peeled off and then
dried at 80 �C for 24 h, followed by a treatment at different tem-
peratures (300, 600, 800, and 900 �C for 2 h). Fig. 1 shows a flow-
chart of the experimental procedure.

FTIR spectra of precursor solutions, intermediates, and products
were recorded on a Magna IR Spectrometer-Nicolet using the ATR-
mode. The thermal behavior was studied on a Thermostar Pfeiffer
Vacuum equipment under a static air atmosphere and a heating
rate of 10 �C/min. XRD diffractograms of representative samples of
products were obtained using a Philips X'Pert PW3040 diffrac-
tometer with CuKa radiation (l ¼ 1.5418 Å). Scanning electron
micrographs of dried products, thermally-treated at 600 �C, were
taken in a JEOL-JSM 7401F field emission microscope on a double-
sided conductive copper tape. Magnetic properties were studied in
a Physical PropertyMeasurement System, fromQuantumDesign, in
a Vibrating Sample Magnetometer-mode. TEM-micrographs of
thermally-treated at 600 �C for 2 h, milled and dispersed in ethanol,
were taken in a FEI-Titan microscope.
3. Results and discussion

Fig. 2 shows the infrared spectra of CoFe2O4 precursor solution
(CoFe2O4-PS), at left, the electrospun precursor solution (CoFe2O4-
PS-E), at middle, and the electrospun and dried precursor solution
Fig. 1. Diagram of exper
(CoFe2O4-PS-E-D), at right. FTIR spectra of all samples, show, in the
characteristic spectra region, the signals associated to the stretch-
ing modes of polar bonds present both in the chemical reagent
mixture (PS) and in the electrospun products. While the IR-
spectrum of electrospun PVP has been reported in several papers
[16e18], only a few publications treat with the FTIR characteriza-
tion of products after the interaction between solutions of PVP and
metallic ions, under the effect of the high voltages applied during
the electrospinning process [19,20]. Experimental spectra of all
samples show intense absorption bands at ̴3300, 1652 and
1̴320 cm�1, which correspond to the stretching mode of OeH, C]O
and CeN bonds, in agreement with those data previously reported
to PVP [21]. Additionally to these bands there are three signals, in
the fingertip region of the spectra, at 1037, 820 and 705 cm�1,
which are associated to some vibrational modes of CeC bonds
present before and after the electrospinning process [22]. The most
obvious difference in the spectra is a considerable diminishing of
the intensity of the OeH band, probably due to the electrospinning
process; which apparently induces the volatilization of ethanol and
water present in the reagent mixture as solvent and water crys-
tallized in the salts, respectively. Subtle differences in the intensity
and wavenumber of C]O and CeN (amide) bands are associated to
the chemical environment of the amide group of the pyrrolidone
ring of PVP, most likely due to the coordination bonds between the
amide group and the metallic ions. These results are in agreement
with those, reported recently for composites based on platinum
nanoparticles-PVP [21,22].

TGA and DSC curves of CoFe2O4-PS-E-D sample, treated at
300 �C for 2 h, are shown in Fig. 3. These curves, as the curves of the
rest of the samples (data not shown), show an endothermic weight
loss associated to the boiling of remaining water, at̴100 �C; the
exothermic thermal decomposition of nitrates, at̴ 185 �C, and the
exothermic combustion of polymeric carrier (PVP), which starts at
331 �C and finishes approximately at 381 �C. It is worth to mention
that, these results are in good agreement with similar nitrates and
PVP decomposition behaviors, which have been reported for iron
(III) and nickel (II) nitrates at̴200 �C [23] and for PVP in Pt-PVP
systems at̴350 �C [24]. The black powder collected, after the
thermal analysis, is presumably CoFe2O4. Samples substituted with
imental procedure.



Fig. 2. FTIR spectra of precursor solution, after electrospun, and after electrospun and dried of CoFe2O4 system.

Fig. 3. Thermal analyses curves of CoFe2O4-PS-E-D sample treated at 300 �C for 2 h.
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Cu2þ, Ni2þ, and Zn2þ or Gd3þ show similar thermal behavior when
they are studied under similar conditions and lead to obtain
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 and Co0.94Gd0.06Fe2O4.03, respectively. To
confirm this inference XRD analyses of thermally treated samples,
were carried out.

The crystallinity enhancement of CoFe2O4-PS-E-D samples,
treated at 300, 600, 800, and 900 �C for 2 h, is shown in Fig. 4, as an
increasing of the intensity and a decreasing of the width of
diffraction signals [25], related to the raise of the temperature of the
thermal treatment. The crystalline phase identification shows the
presence of a pure cubic spinel structure attributed to CoFe2O4,
reported in the card number 22e1086 of the International Centre
for Diffraction Data (ICDD) database [26]. Even the sample treated
at 300 �C shows the most intense peaks (see the inset on the Fig. 4),
although those peaks are broad and have a low intensity as a
consequence of the presence of remaining polymer and a very small
particle size [27]. The FTIR spectra of samples, treated at 300, 600,
800, and 900 �C, are provided in a Supplementary document; the
spectrum of sample treated at 300 �C shows weak signals which
can be attributed to residual PVP. The analysis of XRD peaks, using
the Scherrer equation [27], shows that the crystallite size is be-
tween 5.6 and 51.1 nm, the smallest size of crystallite is for the
sample treated at the lowest temperature (300 �C) and the biggest
crystallite is for the sample treated at the highest temperature
(900 �C). The lattice parameters of samples, calculated after the
indexing of the experimental patterns, are very close to that re-
ported value for CoFe2O4 (8.3919 Å) [26]. The values are between
8.3892 and 8.3815 Å. Subtle differences among these values, as a
function of the temperature of thermal treatments, are probably
due to inversion grade of the spinel structure [28], see Table 1
below.

It is well known that the elements present in a crystal structure
have an effect on the final properties of the material (the same as
temperature has), for this reason, trying to obtain materials with
controlled properties, the partial substitution of cobalt (II) ions by
copper (II), nickel (II), and zinc (II) to obtain Co0.5Cu0.2-
Ni0.2Zn0.1Fe2O4 and by gadolinium (III) to obtain Co0.94Gd0.06-
Fe2O4.03, is analyzed in this work.

In the first case, the electrospun and dried precursor solution of
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 (Co0.5Cu0.2Ni0.2Zn0.1Fe2O4-PS-E-D), after
thermal treatments at 300, 600, 800, and 900 �C, show subtle dif-
ferences in crystallinity and particle size reached compared with
those of CoFe2O4. The most evident difference between substituted
and pure spinel is between samples treated at the lowest temper-
ature. While the CoFe2O4-PS-E-D-300 diffractogram shows only
wide and low-intense peaks, the Co0.5Cu0.2Ni0.2Zn0.1Fe2O4-PS-E-D-
300 shows all the characteristic diffraction peaks, well-defined, of
the cubic spinel-type structure attributed to CoFe2O4 [ICDD 22-
1086], see Fig. 5A. Higher temperatures of thermal treatments have
an effect on substituted samples too, see Fig. 5B. It is especially
obvious on the crystallite size, which is between 20.2 and 39.5 nm
for samples treated between 300 and 900 �C, respectively (Fig. 5C).
Doing a comparison between both systems, CoFe2O4 and
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, it is possible to see that while in CoFe2O4
the minimum amount of applied energy (300 �C for 2 h) is not
enough to even eliminate the polymeric carrier, in the Co0.5Cu0.2-
Ni0.2Zn0.1Fe2O4 the same energy is enough to carry out the
decomposition of the polymer and to reach long-range atomic
ordering, giving place to crystallite sizes almost four times bigger, at
that temperature. In order to highlight this result, the values are:
5.6 and 20.2 nm to CoFe2O4 and Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, respec-
tively. By contrast, when the amount of applied energy in this study
is the highest (900 �C for 2 h), its effect on CoFe2O4 and
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 causes the opposite. While in pure cobalt
ferrite the crystallite size gradually grows until to reach 51.1 nm, in
the substituted ferrite, crystallites reach just 39.5 nm (20% less). The



Fig. 4. Diffractograms of CoFe2O4-PS-E-D, thermally treated at 300, 600, 800, and
900 �C for 2 h.
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effect of Cu2þ, Ni2þ, and Zn2þ on the crystallite growth may be
attributed to a catalytic effect on the polymeric exothermic-
decomposition at the lowest temperature [29] and a slower rate
of the grain boundary mobility as a consequence of the presence of
these ions on the structure [30]. It is important to mention that a
good solubility of substituting ions, as a function of temperature, in
the spinel structure is also confirmed by the contraction of the
lattice parameter, see Fig. 5D. This result can be associated to
several effects of dopant ions (as size, electronic and thermal) on
the lattice parameter of the structure [31].

In the second case, when cobalt iron oxide is substituted with
Gd3þ to obtain Co0.94Gd0.06Fe2O4.03, the XRD patterns show
detectable differences with respect to CoFe2O4 and Co0.5Cu0.2-
Ni0.2Zn0.1Fe2O4 powders, especially taking into account that the
amount of Gd3þ ions is very small. Selected experimental patterns
are shown at Fig. 6. Electrospun, dried and thermally treated
samples, Co0.94Gd0.06Fe2O4.03-PS-E-D, contain the cubic spinel-type
structure associated to CoFe2O4 [ICDD 22-1086] as the only crys-
talline phase when fired at 300 and 600 �C for 2 h and as the
preponderant crystalline phase in samples treated at 800 and
900 �C for 2 h. The lowest energy applied leads to obtain a dif-
fractogramwhere themost intense peaks associated to CoFe2O4 are
present. Those peaks are more intense and narrower (better
defined) than those in CoFe2O4-PS-E-D-300 but worse defined than
those in Co0.5Cu0.2Ni0.2Zn0.1Fe2O4-PS-E-D-300. This behavior is
probably related to the amount of dopant ions, which is smaller in
this case (6%) than that amount used in Co0.5Cu0.2Ni0.2Zn0.1Fe2O4
case (50%) [32]. On the other hand, the gradual crystallite-size
growth behavior is similar to the long-range atomic ordering.
Although it was not possible to calculate the crystallite size in the
sample fired at 300 �C, due to a poor math adjustment of the main
peak, it is possible to infer that the crystallite size is between those
reached in CoFe2O4 and Co0.5Cu0.2Ni0.2Zn0.1Fe2O4. By contrast, at
900 �C, the crystallite size of Cu0.94Gd0.06Fe2O4.03 (40.1 nm) is more
similar to that of Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 (39.5 nm) than that of
CoFe2O4 (51.1 nm). This behavior is probably related to the exis-
tence of a second crystalline phase [30], which has been identified
as orthorhombic perovskite-type GdFeO3 [ICDD 47-0067], and is
marked with asterisks in the figure. All values are shown in Table 1.

In order to evaluate the magnetic properties of CoFe2O4,
Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03 their hysteresis
loops were recorded. All samples show typical magnetic curves of
soft magnets, see Fig. 7(A and B) as example. It can be associated to
the ferrimagnetism of cubic spinel ferrites [33]. Because of mag-
netic properties of ferrites, as saturation magnetization (Ms),
remanence (Mr) or coercivity (Hc), are strongly linked to the crystal
structure there are noticeable differences among the products ob-
tained in this work [34]. On one hand, finite size, surface disorder,
and interparticle interactions have a strong influence on the mag-
netic properties of nanostructured materials as a consequence of
the increasing ratio of surface spins with respect to the total
number of spins in the material. On the other hand, preferential
occupation of the cubic lattice sites, short or long-range atomic
ordering, and porosity have, also, their own effect on Ms, Mr and
Hc. The magnetic properties of CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4,
and Co0.94Gd0.06Fe2O4.03 are the result of the sum of a partial
contribution of each one of all these factors (among others as
anisotropy, magnetic domain size, micro-strain, morphology, etc.),
more or less important on Ms, Mr or Hc.

Saturation magnetization illustrates very well the effect of a
nanometric size on the ferrites synthesized in this work. While in
bulk materials Ms is an intrinsic property which does not depend
on particle size in the case of nanometric materials, with the same
composition, the values of Ms increase as a function of the
increasing in the temperature of thermal treatment (directly
related with the increasing in particle size), see Fig. 7(C). For
instance, the samples of CoFe2O4 etreated at 600, 800, and 900 �C
for 2 he, the saturation magnetization values are 61.4, 77.6, and
81.7 emu/g. The same behavior is observed with substituted fer-
rites. For Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 the Ms values are between 33.32
and 67.37 emu/g and for Co0.94Gd0.06Fe2O4.03 are between 12.44
and 71.98 emu/g. It is important to mention that similar behavior



Table 1
Structural parameters of CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03.

Crystalline phases Temperature (�C) Crystallite size (nm) Lattice parameter (Å)

CoFe2O4

Spinel 300 5.6 8.3877 ± 0.0407
Spinel 600 29.4 8.3892 ± 0.0004
Spinel 800 45.5 8.3856 ± 0.0003
Spinel 900 51.1 8.3815 ± 0.0006

Co0.5Cu0.2Ni0.2Zn0.1Fe2O4

Spinel 300 20.2 8.3831 ± 0.0001
Spinel 600 30.1 8.3791 ± 0.0004
Spinel 800 37.3 8.3750 ± 0.0002
Spinel 900 39.5 8.3739 ± 0.0003

Co0.94Gd0.06Fe2O4

Spinel 300 e e

Spinel 600 26.0 8.3881 ± 0.0006
Spinel þ perovskite 800 37.6 8.3832 ± 0.0004
Spinel þ perovskite 900 40.1 8.3838 ± 0.0003

Fig. 5. XRD results of Co0.5Cu0.2Ni0.2Zn0.1Fe2O4.
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has been reported for different ferrites synthesized by other
methods [35]. The effect of chemical composition on Ms is also
noticeable, although in a much lower degree than the effect of
nanometric size, when the crystallite size is similar. For example,
the samples CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06-
Fe2O4.03, fired at 600 �C for 2 h, have Ms values of 61.4, 56.5, and
59.4, respectively. This can be associated to the magnetic moment
of substitution ions. While Cu2þ, Ni2þ, and Zn2þ have magnetic
moments smaller than that of Co2þ, Gd3þ has a magnetic moment
larger than that of Co2þ [34]. In an opposite way, values of rema-
nence andmainly coercivity decrease as a function of the increasing
in the temperature of thermal treatment of multidomain
nanoparticles; such is the case of Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 treated
at 300, 600, 800, and 900 �C and CoFe2O4 and Co0.94Gd0.06Fe2O4.03
treated at 600, 800, and 900 �C (Hc values are listed at Fig. 7D). This
trend can be associated to a lower porosity in samples fired at
higher temperatures [35]. Presumably CoFe2O4 and Co0.94Gd0.06-
Fe2O4.03, fired at 300 �C, are monodomain nanoparticles.

Fig. 8 shows some representative SEM, TEM and HRTEM mi-
crographs. Fig. 8A corresponds to SEM-micrographs of fibers ob-
tained by electrospinning, as-spun (first column) and fired at
600 �C for 2 h (second and third columns), of CoFe2O4, Co0.5Cu0.2-

Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03 without milling, their
EDS-spectra show the presence of all the elements used to prepare



Fig. 6. Co0.94Gd0.06Fe2O4.03-PS-E-D treated at 600 and 900 �C for 2 h, left and right, respectively.

Fig. 7. Magnetic behavior of CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03 obtained by electrospinning.
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every precursor solution: Co and Fe; Cu, Ni, Zn, Co, and Fe; and Gd,
Co and Fe; respectively. The diameters of fibers of cobalt ferrite
(pure and substituted) are relatively different, due to the several
parameters that have an effect on them [36]. The most important of
all those experimental parameters, in this research, is the electrical
conductivity of the precursor solution, which is different in each
precursor solution studied here associated to the presence of
different metallic ions in them. Fig. 8B showsmicrographs obtained
in a TEM-microscope after the milling and dispersion of the sam-
ples. These micrographs let infer that fibers are constituted by
nanoparticles and corroborate the crystallization behavior and
particle size growth that was previously studied by XRD. Briefly, all
samples show particles with a semi-spherical shape, the average
size of CoFe2O4 and Co0.5Cu0.2Ni0.2Zn0.1Fe2O4 nanoparticles is very
similar, 31.9 and 30.6 nm, while Co0.94Gd0.06Fe2O4.03 nanoparticles
are quite smaller, 15.7 nm. The lattice parameters, obtained by



Fig. 8. Selected SEM (A), TEM, and HRTEM (B) images of CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03.
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indexing the electron diffraction patterns, show a good concor-
dance with the reported value to CoFe2O4 (8.3919 Å); the experi-
mental lattice parameters are: 8.3987, 8.4975, and 8.5722 Å to
CoFe2O4, Co0.5Cu0.2Ni0.2Zn0.1Fe2O4, and Co0.94Gd0.06Fe2O4.03,
respectively. The increasing of the lattice parameter “a” lets to infer
a good solubility of the ions into the lattice. Furthermore, it is
possible to notice an amorphous region on CoFe2O4-PS-E-D treated
at 600 �C for 2 h, discussed above. Some differences between the
values obtained by XRD and TEM techniques can be attributed to
the broad polydispersity of the samples [37].

4. Conclusions

In this work has been demonstrated that the electrospinning
method is a useful experimental technique to obtain nano-
structured cobalt iron oxide pure and substituted with three
different ions at the same time (Cu2þ, Ni2þ, and Zn2þ) or substituted
with just one (Gd3þ). It has been demonstrated too that the mag-
netic properties of electrospun fibers can be “tailored” by the
control of experimental parameters as type and amount of
substituting ions and temperature of thermal treatments. Addi-
tionally, the temperature of crystallization of Cu, Ni, and Zn
substituted cobalt ferrite, reported here, is remarkably lower than
those necessary in other methods.
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