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In this study, we focused on the influence of structural order-disorder effects on the magnetic and optical
properties of single-phase nickel ferrite (NiFe,O,) nanoparticles that, were synthesized by the co-precipitation
method and subsequently calcined at 700, 800, 900 and 1000 °C for 120 min in ambient atmosphere. These
results from X-ray diffraction and transmission electron microscopy confirm that the NiFe,O,4 nanoparticles have
an inverse spinel structure with high purity and crystallinity. The average particle size range between 12 nm and
42 nm depending on the calcination temperature. An analysis of the hysteresis loops revealed a ferromagnetic
behavior with an increase in saturation magnetization to 13.2 emu/g from 8.2 emu/g at room temperature. At
7 K, the nanoparticles exhibited saturation magnetization of about 18.1-19.8 emu/g and change in crystallite
size, as the calcination temperature increased. UV-vis diffuse spectra results showed an increase in the direct
band gap in the range 1.35-1.43 eV, likely due to the increased crystallinity of the NiFe,O4 nanoparticles.
Photoluminescence spectroscopy revealed a strong emission in the visible region, which can easily be attributed
to the presence of structural disorders in the [FeOgl, [FeO4], and [NiOg] clusters of the NiFe,O, powders.
Finally, it was found that these NiFe,O, powders as-prepared have oxygen atoms that occupy different positions
and are highly disturbed in the NiFe,O, lattice. These findings provide insights into the magnetic and optical
behavior of NiFe,O,4 spinel nanocrystals, with a significant emphasis on structural order-disorder effects, and
help reveal the relationship between structure and properties at the atomic level.

1. Introduction particularly known as soft magnetic semiconducting materials with

typical ferromagnetic properties, low conductivity, high chemical sta-

Spinel ferrites nanocrystals have excellent electrical and magnetic
properties, and show great potential for use in many technological
applications, such as in magnetic recording media [1], photoelectric
devices [2], sensors [3] magnetic pigments [4], as well as, photo-
catalyst for the degradation of various dyes [5-7]. This work highlights
the importance of understanding and controlling nanostructures prop-
erties. Particularly, the properties of nanoscale materials are usually
very different from their bulk form, have enabled the emergence of new
technologies [8-12]. In this sense, the properties of spinel ferrites with
the formula MFe,O4, where M represents a divalent metal ion, depend
strongly on the particle size or the surface/volume ratio [13,14].
Among the different type of ferrites, nickel ferrites (NiFe,O,4) are
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bility, and catalytic behavior [15-17]. NiFe,0, is known to crystallize
in an inverse spinel structure, in which the ferric ions are equally dis-
tributed in octahedral [FeOg] and tetrahedral [FeO4] clusters, while the
nickel ions are distributed only in the octahedral [NiOg] clusters
[16,18]. A broad range of synthetic strategies has been extensively used
to obtain spinel ferrites nanocrystals: these include sol-gel [19], co-
precipitation [20], microwave plasma [21], microemulsion [22], me-
chanical alloying [23], auto-combustion [24], hydrothermal [25], and
so on. The physical and chemical behavior of the nanocrystals is known
to depend on the synthesis procedure used and can be strongly influ-
enced by structural order-disorder effects [26]. These nanocrystals are
routinely prepared by different synthetic methods and exhibit different

E-mail addresses: felipe_laporta@yahoo.com.br, felipelaporta@utfper.edu.br (F.A. La Porta).

https://doi.org/10.1016/j.ceramint.2018.06.190
Received 11 June 2018; Received in revised form 14 June 2018; Accepted 23 June 2018
Available online 27 June 2018

0272-8842/ © 2018 Elsevier Ltd and Techna Group S.r.l. All rights reserved.


http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2018.06.190
https://doi.org/10.1016/j.ceramint.2018.06.190
mailto:felipe_laporta@yahoo.com.br
mailto:felipelaporta@utfper.edu.br
https://doi.org/10.1016/j.ceramint.2018.06.190
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2018.06.190&domain=pdf

W.E. Pottker et al.

structural characteristics at short-, medium- and/or long-range. At the
same time, a detailed understanding of structural order-disorder effects
in crystalline materials, in principle, it would allow us to link their
properties to the structure. This aspect of nanocrystal is useful in the
design of improved systems used in different technological applications,
and plays an important role in allowing for adjustments in their phy-
sical and chemical properties at the nanoscale.

In this study, we focused on the influence of structural order-dis-
order effects on the magnetic and optical properties of single-phase
NiFe,O4 nanocrystals, which were synthesized by the co-precipitation
method and subsequently calcined at diferent temperatures: 700, 800,
900 and 1000 °C for 120 min in ambient atmosphere. The crystalline
structure, degree of polydispersity, morphologies, size distributions and
the magnetic behavior of NiFe,O, nanocrystals as-prepared were in-
vestigated by means of X-ray diffraction (XRD) with Rietveld refine-
ment, transmission electron microscopy (TEM), diffuse-reflectance
spectroscopy in the ultraviolet-visible region (DRS/UV-vis), photo-
luminescence (PL) and magnetic property measurements. These find-
ings can provide insights into the magnetic and optical behavior of
NiFe,O, spinel nanocrystals, with a significant emphasis on structural
order-disorder effects, and help reveal the relationship between struc-
ture and properties at the atomic level.

2. Experimental methods
2.1. Materials

Nickel (II) chloride hexahydrate (99%), iron (III) chloride hexahy-
drate (97%), nickel(I) nitrate hexahydrate (98,5%), iron (III) nitrate
nonahydrate (98%) were procured from Sigma Aldrich. Sodium hy-
droxide (analytical grade) was purchased from Merck. All reagents
were used without further purification.

2.2. Synthesis of NiFe;O4 nanocrystals

NiFe,O, nanoparticles were prepared by the co-precipitation
method in accordance with reported standard protocol [27]. Briefly,
2.5mmol of NiCly6H,O and 5mmol of FeCl36H,O were separately
dissolved in 50 mL of water. Both solutions were heated at 50 °C and
mixed with a stoichiometric ratio (Ni 2*: Fe 3*) of 1:2. A solution of
100 mL of NaOH (3 M) at 95°C was used as the precipitating agent.
Metal chloride and NaOH solutions were added drop wise from two
separate burets into a reaction vessel containing 100 mL of distilled
water to obtain uniform particle size distribution [28]. The synthesis
temperature was maintained at 80 °C for 120 min under magnetic stir-
ring. The mixture was then cooled to room temperature, magnetically
separated, and then washed several times with distilled water in a so-
nication method. The temperature was then increased to 90 °C to re-
move the water until dry solid precursor was obtained. The dried pre-
cursor was finally calcined in a box-furnace at four different
temperatures 700 °C (NC700), 800 °C (NC800), 900 °C (NC900) and
1000 °C (NC1000) for 120 min in air.

2.3. Materials characterization

Structural characterization and the average crystallite size were
measured by XRD using Cu-K, radiation (A = 0.154178nm) in a
PANalytical X’Pert Pro MPD diffractometer operating in the Bragg
Brentano geometry. The data were collected at room temperature in the
260 range 10°—100° in steps of 0.02°. To identify the phase composition
of the samples, the structural data from the International Centre for
Diffraction Data (ICDD) was used. The XRD patterns were also sub-
jected to a quantitative analysis by the Rietveld method [29], using the
FullProf program [30]. The mean crystallite sizes of the samples were
calculated based on the spinel structures of the NiFe,O4 nanocrystals by
applying peak broadening of the (311) peak using Scherrer's formula as
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seen in Eq. (1):
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where D is the mean crystallite size, A is the Cu-K, radiation, § is the full
width at half maximum (FWHM) in radians and 6 is the correspondent
Bragg diffraction angle in radians. To further investigate particle size
and shape and the Ni/Fe/O molar ratio the NiFe,O4 samples were ob-
served by a TEM (JEOL, JEM 2100 F) operated at 200 keV and coupled
with an energy-dispersive spectrometry (EDS) analysis. TEM images
were also used to study the mean particle size distribution from a count
of about 100 particles (i.e., with good surface contour) by means of the
ImageJ software.

To measure the DC magnetic field, a low-cost, portable Hall mag-
netometer probe was employed (For further details on how the Hall
probe used in this study was build, see the ref. [31]). Magnetization
measurements of the samples as-prepared were undertaken using the
Hall magnetometer probe with a maximum applied field of 9kOe at
300K and 7 K.

Optical properties were observed through DRS/UV-vis and PL
measurements. DRS/UV-vis spectra were recorded employing a Cary
5 G spectrophotometer (Varian, USA). PL spectra were obtained at room
temperature in atmosphere air using a Thermal Jarrel-Ash Monospec
monochromator and a Hamamatsu R446 photomultiplier. A krypton
ion laser (Coherent Innova) of wavelength 350.7 nm (3.54 eV) was used
as an excitation source; its maximum output power was maintained at
500 mW, and the beam that strikes the sample after passing through an
optical chopper has a maximum power of 40 mW.

3. Results and discussion
3.1. Structure and morphology properties

Fig. 1 shows the XRD patterns of the NiFe,O4 powders prepared by
the co-precipitation method and subjected to calcination at different
temperatures 700, 800, 900 and 1000 °C for 120 min in ambient at-
mosphere. The XRD pattern containing the diffraction peaks can be
indexed to cubic spinel structure with the space group Fd-3m (ICDD
card N° 086-2267). No characteristic impurity peaks were observed in
the samples, indicating that all the crystals exposed to calcination are
structurally ordered over the long-range. Clearly, we see that the dif-
fraction peaks are significantly broadened because of the very small
crystallite size. The crystallite size calculated from the (311) peak for
the NiFe,O4 powders as-prepared varies from 7.4 nm to 30.1 nm, as a
function of the calcination temperature (see Table 1). In addition, we
observe sharp and well-defined diffraction peaks as calcination tem-
perature increases, indicating a high degree of crystallinity in these
samples as well as an increase in particle size. These results are con-
sistent with the literature [32-34]. In order to confirm the pure and
feature a single-phase NiFe,O,4 obtained as well as structural changes as
a function of the calcination temperature the Rietveld refinement
method was employed (see Fig. 1 and Table 1). The Rietveld refinement
parameters obtained for the NiFe,O, structures are reported in Table 1,
and are very close to those published in the literature [35-37].

However, it is noted that these NiFe,O4 powders as-prepared, par-
ticularly have the oxygen atoms occupy different positions in the lat-
tice. Hence, this fact reveals a certain degree of structural disorder in
these samples that, in turn, are probably due to the existence of the
oxygen vacancy in these crystalline structures. In other words, this
significant variation in the positions of the oxygen atoms can in prin-
ciple lead to the formation of disorder on the [FeOg], [FeO4] and [NiOg]
clusters that in turn are highly distorted in the NiFe,O, lattice. This
behavior can in principle be related to the structural changes at short-,
medium- and long-range, and hence has a great impact on their che-
mical and physical properties of such materials at the nanoscale.

Based on experimental lattice parameters obtained from the
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Fig. 1. XRD pattern of NiFe204 synthetized at 80 °C for to 120 min and calci-
nated at 700 °C, 800 °C, 900 °C and 1000 °C.

Rietveld refinement method, were calculated theoretical density (py) of
the NC700, NC800, NC900, and NC1000 samples, according to the
following equation [38,39]:

8SM

P = N

()
where M is the molecular weight of NiFe,O4 and N is Avogadro's con-
stant, and a is as-calculated lattice parameter by standard Rietveld
technique (see Table 1). The values are comparable to the value of
5.37 g/cm® of bulk nickel ferrite [38,39]. While the hopping length
between the magnetic ions (the distance between the magnetic ions) in
both tetrahedral (A) and octahedral (B) clusters of NiFe,O,4 nano-
particles annealed at different temperature are calculated from the Egs.
(3) and (4) [38,391]:

Table 1
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where d, is hopping length for the tetrahedral clusters and dp is hop-
ping length for the octahedral clusters. The d, and dg values of NiFe,O4
calcination between 700 °C and 1000 °C are presented in Table 1. The
length (da and dp) between the magnetic ions and lattice parameter in
the NiFe,O, does not change with the increase of calcination tem-
perature which collaborates toward the elucidation of the magnetic
properties (low saturation magnetization).

Fig. 2(a-e) presents the TEM images with corresponding selected
area electron diffraction (SAED) patterns of NiFe,O, nanoparticles.
TEM images were used to explore the particle morphologies, size dis-
tributions as well as the crystallographic properties of the NiFe,O4
samples, and reveal the formation of crystalline agglomerate with ir-
regular morphologies that drastically changes with the increasing of
calcination temperature. In addition, particularly the position and in-
tensities of lines in the SAED pattern indicated that these nanoparticles
as-prepared are polycrystalline, as well as, confirm a high purity of the
single-phase NiFe,O, spinel structure, in a very good accordance with
respect to the XRD results.

In the samples synthesized by co-precipitation method, the crys-
tallite size < D311 > is smaller than the largest particle size on the
differences of both characterization techniques: XRD and TEM. The first
measures one measures the coherent diffraction range size; the larger
the crystallite size, the more intense are the diffraction peaks, and, thus,
the average crystallite size has different contribution from the small and
large particles. Moreover, TEM images can discriminate the different
particle sizes. Therefore, in the case of a heterogeneous distribution,
crystallite size is an average of the largest and the smallest particles
sizes, and it can be smaller than the largest particle size. From the TEM
results presented, a semi-empirical relationship was used to estimate
the surface area of these nanoparticles using the following Eq. (5):

6
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where Sty is the surface area, d is average particle size and py is the
theoretical density. In particular, the surface area analysis calculated
from TEM decreases with the increase of thermal annealing (see
Table 1). In addition, the EDS pattern analysis was also measured to
determine the chemical composition as well as the profile elemental
distribution of the NiFe,O4 samples. Therefore, the peak quantification
produced a ratio of Ni/Fe/O which is in excellent agreement with the
stoichiometry of NiFe,O, spinel structure by the EDS pattern analysis
(see Table 2).

3.2. Magnetic properties
To probe the magnetic properties of these NiFe,O4 nanoparticles as-

prepared, in particular, the magnetizations (M) versus field (H) loops
were recorded at room temperature and 7 K with an applied magnetic

The values of the refined lattice parameters, unit cell volume, crystalline size, theoretical density, distance between the magnetic ions, average grain size and surface

area of these NiFe204 samples as-prepared.

Lattice Parameters Particle Size

Samples Lattice constant a Volume (1°\3) X-ray Density (g/ dA (A) dB (10\) Crystallite size < D3;; > (nm) Average particle size (d) Surface area (STEM)
*& cm®) (nm) (m*g™

NC700 8.3361 579.296 5.37 3.609 29470 7.4 12.4(6) 89.67

NC800 8.3346 578.977 5.38 3.609 29467 13.7 25.4(6) 43.80

NC900 8.3346 578.987 5.38 3.609 2.9467 19.7 26.0(6) 42.79

NC1000 8.3349 579.034 5.38 3.609 2.9468 30.1 42.3(5) 26.36
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Fig. 2. TEM and SAED patterns of the as-prepared powders (a) and the powders heated at different temperatures: (b) NC700, (c) NC800, (d) NC900, and (e) NC1000
samples. (b-e) Inset showing the particle size distribution for samples heated at different temperatures. (f) Schematic representation of NiFe,O,4 spinel structure.

Table 2
The weight and atomic observed by the EDS pattern analysis for these NiFe;04
samples produced at various temperatures.

Samples Element Weight (%) Atomic (%) Fe/Ni
NC700 Fe K 42.24 24.49 1.58
Ni K 28.11 15.51
0o 29.64 60.00
NC800 Fe K 48.44 28.00 2.33
Ni K 21.82 12.00
o 29.74 60.00
NC900 Fe K 44.08 25.53 1.76
Ni K 26.25 14.47
o 29.67 60.00
NC1000 Fe K 45.27 26.20 1.90
Ni K 25.05 13.80
o 29.68 60.00

field from 9 kOe, as shown in Fig. 3. All samples exhibit a predominant
ferrimagnetic behavior. While that the inset in Fig. 3 reveals the mag-
netic behavior at the low field in the hysteresis loops, which indicate a
permanent magnetization behavior for these samples in the tempera-
ture range studied. From these results, the values estimated of magnetic
saturation (M;) were obtained using the magnetization values obtained
for fields above 9 kOe, we plotted the M x 1/H? curve, we obtained an
estimate for the saturation magnetization of the samples, coercivity

17293

(H,) obtained from hysteresis loop are summarized in Table 3. These
our results are consistent with the literature [40,41]. In this case, it is
well established that the presence of oxygen vacancies in the NiFe,O4
spinel structure, in turn, can lead to the formation of magnetic moments
[42,43]. Therefore, the difference observed between magnetic moment
of the [FeOgl, [FeO4] and [NiOg] clusters in the disordered lattice of
NiFe,O, spinel structure, in turn, has major contributed on the ex-
change coupling and magnetic properties of the samples as-prepared.
On the basis of these results, the magnetic measurements reveal a
variation in the M and H. that can in principle be attributed to grain
growth by thermal annealing. In addition, the values of M; is low (8.2 —
13.2 emu/g) in comparison with the room temperature M; to the bulk
NiFe;O4 (55emu/g), as well as, a low H. (34.6 — 177.1 Oe) with in-
creasing of thermal annealing. It is attributed to the incomplete crys-
tallization of small crystallite size, which in turn leads to the structural
disorder on the surface of these nanoparticles since the spin disorder is
high when the surface-to-volume ratio is large [42-44]. This is because
the surface can behave as an inactive layer consequently the magneti-
zation in this layer is negligible. Different from the room temperature
samples, the ones calcined in low temperature conditions had a slight
increase in their intensity with the temperature increase from 18.1 to
19.8 emu/g. Although those samples present similar behavior on their
coercivity until 900 °C from (119.8 — 641.4Oe) and at the highest
temperature (1000 °C) a considerable decrease in their H, value from
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Fig. 3. Hysteresis loops (a) at room temperature and (b) at 7 K of NiFe,O4 nanoparticles.

Table 3
Coercive fields (Hc) and saturation magnetization (M) for as-prepared NiFe,O,
nanoparticles at room temperature and 7 K.

300K 7K

Samples Hc (Oe) M s (emu/g) H¢ (Oe) M 5 (emu/g)
NC700 34.6 8.7 119.8 18.1

NC800 118.4 12.1 186.2 18.2

NC900 118.4 12.9 641.4 18.7
NC1000 177.1 13.4 400.6 19.8

(641.4 - 400.6 Oe), in particular, these decrease is may be because of
the formation of agglomerates that increase the average size of the
particles, causing them to be larger than the critical single domain
NiFe,O, particles and they have a multidomain magnetic structure.
Furthermore, with the grains growth the boundary volume decreases
and the “pinning” effect of domain wall at the grain boundary is wea-
kened with the annealing temperature [45,46]. These presented factors
can result in the significant reduction of the H, at higher temperatures.

3.3. Optical properties

UV-vis diffuse reflectance was used to determine the optical band
gap for these samples by Tauc plots [47]. According to the literature
[48], the NiFe,O, materials have a direct optical band gap of about
2.7 eV. Fig. 4(a-d) shows the resulting spectra from the linear extra-
polation of the (F(R)hv)'/2 against photon energy (hv) of the Tauc plots.
As results, the UV-vis measurements illustrate a variation in the optical
band gap values from 1.35eV to 1.43 eV for the NiFe,O, powders heat-
treated at different temperatures, in response to increasing the crys-
talline size (see Table 1) in good agreement with the literature [49-51].
In general, the optical band gap of a material is strong dependents of
the degree of structural disorder in the lattice [52,53]. Finally, these
results suggest the presence of new intermediate states in the interior of
the band gap of the NiFe,O4 powders, in good agreement with our XRD
results.

Fig. 5(a-e) illustrate the PL emission spectra at room temperature of
NiFe,O, powders obtained by co-precipitation method and heat-treated
at different temperatures for 120 min, respectively. In particular, the PL
spectra were deconvoluted in three components by using the Gaussian
function, as shown in Fig. 5(b-e). Thus, considering that each compo-
nent from the deconvoluted PL spectral a priori represents a different
type of defect state in the forbidden gap that [53], in turn, are in-
timately related with the order-disorder effects on NiFe,O4 nano-
particles. Previous studies have showed that the PL emission band of
Fe®™ is from the lowest excited “T;(*G) state onto the ground 5A1(°S)
state and the energy position of this PL emission band depends on the
coordination of Fe™ ions: in the case of tetrahedral coordination, the

band maximum is observed in the red spectral region at 626-751 nm,
and in the case of octahedral coordination, the band maximum is lo-
cated in the near-infrared spectral region at 837-912 nm [54,55]. We
consider that 690 and 820 nm emission peaks are due to is from the
lowest excited “T;(*G) —%A;(°S) electronic transition of Fe>* ion. In
particular, the Fe3* (d5) ions in both [FeO4], and [FeOg] clusters are in
high-spin states [56]. While the bands around 439 nm and 483 nm are
assigned to >T;(*P) — 3A,(°F) and 'T,(*D) — 3A,(°F) transitions of
Ni%2™" in the octahedral sites [57-60]. Here, ones can observe that the
peaks at 690 and 820 nm, associated with Fe®** in tetrahedral site,
disappear for higher calcination temperature. On the basis of these
results, the it is well established that the broad emission centered in the
green region of PL spectral, as shown in Fig. 5, is typical of a multi-
phonon process: that is, a system where relaxation occurs by several
paths involving the participation of numerous states within the band
gap of the material [61,62].

These states are related to the numerous kinds of defects directly
associated with the degree of structural order-disorder. Hence, the
changes observed in PL emission spectra of the NiFe,O4 powders, in
principle, can reveal useful information regarding the different struc-
tural distortions that occurs on [O-Ni-O] and [O-Fe-O] bonds, and
consequently promotes different levels of distortions on the [NiOg],
[FeO4l, and [FeOg] clusters. In order to quantification the effect of
structural changes on the NiFe,O, properties, as well as, reveal the
underlying physical mechanism, particularly we used the Kroger-Vink
notation to explain and represent the formation of defects inside the
band gap as, for example, the presence of the oxygen vacancy (i.e., Vo,
Vo', and Vo™) in the NiFe,O, systems, which are described in the fol-
lowing equations:

[NiOgJ* + [NiOsVo*] — [NiOg]’ + [NiOsVo'] (6)
[NiOg]* + [NiOsVo'] — [NiOg]’ + [NiOsVo'’] @
[FeOg]* + [FeOsVo*] — [FeOg]’ + [FeOsVo] (€©)]
[FeOg]* + [FeOsVo'] — [FeOq]” + [FeOsVo'] 9
[FeO4]* + [FeO3Vo*] — [FeO4]’ + [FeO;Vo'] 10)
[FeO4]* + [FeO3Vo'] — [FeOy4]’ + [FeO;3Vo'] an

Following the above logic, assuming that the [NiOg], [FeOg¢] and
[FeO,] clusters are donors, while that the [NiOsVo'], [FeOsVo'] and
[FeO4Vo] clusters are donors/acceptors, and hence the [NiOsVo™],
[NiOsVo™] and [NiOsVo™] clusters are acceptors. We have also assumed
that the charge redistribution may in principle lead to electron-hole
recombination of localized excitons [61,62]. These results summarize
the crucial role of structural disorder on the control of their physical
and chemical behavior at the nanoscale, and hence creating exciting
opportunities for the development of technological applications in the
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future based on these systems.
4. Conclusions

In conclusion, NiFe,O4 nanocrystals with tunable band gaps were
prepared by the co-precipitation method and heat-treated at different
temperatures. The study showed that all samples have an inverse spinel
structure with high purity and crystallinity. For these samples, we also
observed a predominant ferromagnetic behavior, as well as, a broad PL
emission centered in the green region. A detailed analysis of these
NiFe,O4 nanoparticles, in particular, reveals that these [NiOg], [FeOg]
and [FeO4] clusters are highly disordered in the NiFe,O, lattice, and
hence clearly suggest that the magnetic and optical properties of the
NiFe,O, nanoparticles as-prepared are directly associated with loca-
lized states in the band gap. Additionally, the comprehension the
structural changes and their effects on the properties of these nano-
crystals, in turn, provides a set of design rules able to controlling
properties of diverse materials at the nanoscale and hence have an
enormous impact on the development of new technologies.
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