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KEYWORDS Abstract The synthesis of the Nig s.xZng s.xCusFe,O4 (x = 0; 0.10 and 0.15) ferrite with the dif-
Pilot-scale combustion: ferential of pilot-scale production by the combustion reaction method was investigated for RAM
NiZnCu ferrites; application purposes. Combustion temperatures ranging from 682 °C to 738 °C were observed.
Sintering; All ferrites were sintered at 1200 °C for 1 h. A comprehensive study of the influence of substitution
Properties; with Cu®” in a partial and proportional way to the Ni*" and Zn>" ions, doping mode little
RAM application reported in the literature, and also of the sintering process over the structural, textural, morpholog-

ical, magnetic and electromagnetic properties of NiZnCu ferrites was performed. The XRD patterns
of the ferrites as synthesized revealed the formation of the cubic structure of the inverse spinel as
majoritary phase, and traces of hematite and zinc oxide as segregated phases. After sintering, it
was proven the single-phase formation of cubic spinel ferrite structure. The introduction of Cu
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led to a reduction in the lattice parameter, whose values ranged from 8.337 to 8.385 A. The EDX
results confirm the composition of oxides. The textural and morphological analyses confirmed the
densest characteristic, with increase of particle size and reducing of surface area and pore volume
after Cu-doping. All ferrites showed characteristics of soft ferrimagnetic material, where the
increase in Cu content contributed to a slight reduction in saturation magnetization, whose values
were of ~22-29 emu/g for the as synthesized ferrites and ~71-85 emu/g for the sintered ones. The
best result of electromagnetic absorption in X-band was presented by the sintered ferrite with
0.3 mol of Cu, reaching an attenuation of 99.8% at 11.5 GHz frequency, thus confirming the effi-
ciency of the pilot-scale combustion synthesis in obtaining a ferrite with great potential for RAM

application.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, the search for materials that are efficient for
use as electromagnetic radiation absorbent materials (Naidu
et al., 2017; Ali et al., 2018; Jafarian et al., 2019; Zhao et al.,
2020), especially in the microwave absorption band, has
advanced rapidly aiming at applications in electronic devices
and communication instruments, whether for the commercial,
industrial, scientific and/or military fields, such as, i.e., in
mobile phones, computers, wireless networks systems and
radar detection technologies, thus acting in the camouflage
or shielding of highly reflective surfaces, as metallic surfaces,
reducing the radar cross section (RCS) of targets, and elimi-
nating problems of electromagnetic interference (EMI) and
electromagnetic compatibility (EMC) (Zhou et al., 2020; Liu
et al., 2019; Qin and Brosseau, 2012; Melvin et al., 2014).

An incident microwave is a coupling of an oscillatory elec-
tric field and magnetic field, then, the materials which promote
microwave absorption are those that interact with either one of
these two fields, or both, so to drive light/matter interaction at
the gigahertz region of the electromagnetic (EM) spectrum
(Green and Chen, 2019). This action is in accordance with
Maxwell’s equations, where the perturbation of one of the elec-
tromagnetic fields by interaction with a material medium will
induce a response change of the other, resulting in the dissipa-
tion of the entire electromagnetic wave (Griffiths, 1999). Thus,
the absorbed energy by the material is the energy component
of the electromagnetic wave that undergoes the conversion of
electromagnetic energy to thermal energy, due to the dielectric
(complex permittivity) and magnetic (complex permeability)
properties of the material.

Ferrites have aroused interest for being a promising mate-
rial for use as absorbers of electromagnetic radiation at high
frequency range because they present high saturation magneti-
zation and large Snoek’s limit, which lead to high permeability
values over the GHz region (Liu et al., 2017a). In addition, as
ferrites are considered magnetic materials, they have consider-
able electromagnetic radiation absorption capacity through
the hysteresis loss mechanism, domain wall resonance and
eddy (Foucault) current effect (Liu et al., 2017a, 2017b,
2017c). Spinel-type ferrites have a MeFe,O4 molecular for-
mula, where Me is the divalent ion (MgH, Mn?*, Co?™,
Ni*, Cu?", Zn?", Cd*") and Fe** is the trivalent ion. More
specifically, NiZn ferrites, which have an inverse spinel type
structure, formed by a nearly close packed face centered cubic
(FCCQ), since they have holes formed by an array of anions that

are partially filled with cations, which can be represented by
the formula (Zn.Fe; )[Nij<Fe;+]O4, in which Zn>" ions
are located in the tetrahedral sites (A), Ni** ions in the octa-
hedral sites (B), and Fe** ions can occupy both the tetrahedral
and octahedral sites in the spinel lattice (Peng et al., 2011). In
recent years, NiZn ferrites among other ferrites have been con-
sidered as soft magnetic material with great potential for appli-
cation in high frequency devices (such as multilayer chip
inductors and electromagnetic interference filters) due to their
high values of chemical stability, magnetization, Curie temper-
ature, resistivity, permeability and low energy loss at high fre-
quencies (Guo et al., 2020; Gao et al., 2013; Aphesteguy et al.,
2009).

In ferrites as a whole, an effective means of obtaining good
chemical, magnetic and microwave-absorbing properties is by
means doping with other chemical elements (Wang et al.,
2017; Zhou et al., 2019; Liu et al., 2019; Kabbur et al., 2019;
Gabal and Al-Juaid, 2020). NiZn ferrite, in turn, can have
its attributes considerably improved by the doping of divalent
ions such as Co?>™, Cu®>*, Mn? ", among others. Among these
dopants, particularly, Cu>" ions present an interesting crystal-
lographic occupation in the NiZn ferrite due to its preferential
occupation in the octahedral sites (B), which causes distortions
in the tetragonal structure according to the Jahn-Teller effect
(Parfenov et al., 2003). In the case of NiZnCu ferrites, the vast
majority of studies focus on the partial substitution of Ni?"
jons by Cu®>" ions in the NiZn ferrite crystalline lattice (Das
and Singh, 2016; Dantas et al., 2017; Lima et al., 2008;
Aphesteguy et al., 2009; Barba et al., 2020), others report the
substitution of Zn>" ions (Venkatesh and Ramesh, 2017;
Venkatesh et al., 2020), and almost nothing is found in the lit-
erature about the partial and proportional substitution of both
Ni’* and Zn®" ions by Cu®" ions, as shown at the present
study as differential (Nig 5..Zng 5.,CurFe>Oy4). These substitu-
tions, therefore, have an important role on the microstructure,
intrinsic properties, atomic diffusivity, and even on the sinter-
ing kinetics of these ferrites. Cu when introduced in NiZn fer-
rite allows to improve properties such as initial permeability,
electromagnetic properties, electrical resistivity, and chemical
stability at high frequencies (Hossen and Hossain, 2015; Jia
et al., 2012; Sujatha et al., 2013).

However, the final state of the magnetic and electromag-
netic properties of these ferrites depends strongly on the char-
acteristics of the particles and microstructure after the
calcination and/or sintering process. It is known that small
particles have high free surface energy, which allows to obtain
higher density values at low temperatures of calcination and
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sintering (Das and Singh, 2016). As the microstructure and
magnetic properties of ferrites are very sensitive to the synthe-
sis method, and many of these routes are not commercially
viable due to disadvantages such as high complexity, long syn-
thesis time or penetration of impurities, the use of wet chemical
methods is desirable since it allows greater phase homogeneity,
smaller particle sizes and good magnetic characteristics
(Dantas et al., 2020; Leal et al., 2018; Li et al., 2019). Among
the wet chemical methods that have been adopted for the syn-
thesis of NiZnCu ferrite nanoparticles, it can mention the
hydrothermal (Praveena et al., 2016), sol-gel (Hashim et al.,
2018), coprecipitation (Virlan et al., 2020), sonochemical
(Slimani et al., 2020), and combustion methods (Dantas
et al., 2017). In the present study, it was adopted the combus-
tion reaction method, since it is a simple, fast (few minutes of
reaction), and economical technique, which allows an excellent
reproducibility of the formed products in terms of microstruc-
ture, and which, in function of the adopted conditions of syn-
thesis, can produce powders with particle sizes ranging from
nano to micron scale. Furthermore, as differential of this
work, the combustion reaction method was adopted for the
production of NiZnCu ferrite at pilot-scale, which allows a
better perspective for future technological applications, either
as radar absorbing materials (RAM), focus of the present
study; biomaterials, catalysts, among others.

Therefore, this work aims to evaluate the effect of sintering
and Cu-doping on NiZn ferrite obtained by the combustion
reaction method at pilot-scale of 200 g/batch, and its relation-
ship with structural, textural, morphological, magnetic and
electromagnetic properties, aiming to obtain electromagnetic
radiation absorbing materials that can operate at frequency
range from 8.2 to 12.4 GHz (X-band). This work also seeks
to contribute to the discovery of new compositions of the
NiZnCu ferrite, since, unlike the vast majority of current
research, the Cu®>" ions partially and proportionally replace
the Ni** and Zn*>" ions amid the structure of NiZn spinel fer-
rite (Nio_5_XZIl0_5,XCu2XF6204).

2. Experimental

2.1. Synthesis of the ferrites

For the synthesis by combustion reaction of the
Nig.s-xZng 5.xCusxFe;04 (x = 0; 0.10 and 0.15 mol of Cu*")
ferrites, the following reagents were used to form the redox
solution: nickel nitrate hexahydrate - Ni(NO3),-6H,O (Vetec,
98%), zinc nitrate hexahydrate - Zn(NOj3),-6H,O (Vetec,
97%), copper nitrate trihydrate - Cu(NOj;),-3H,O (Vetec,
98%) and iron(IIl) nitrate nonahydrate - Fe(NO;3);-9H,0O
(Vetec, 99%) that acted as oxidizing agents and source of
cations, and urea - CO(NH,), (Vetec, 97%) as fuel and reduc-
ing agent.

In the process of synthesis of the Nig s5.xZng 5, CurFe,Oy4
magnetic nanoparticles by combustion reaction, the propor-
tion of mixture of each reagent was calculated based on the
thermodynamic concepts of the chemistry of propellants and
explosives (Jain et al., 1981), taking into account the valences
of the reactive elements as being: Ni = 2; Zn = 2; Cu = 2;
Fe=3,C=4H=1; N=0, and O = -2. In ferrites, Cu
can assume the valences Cu' " and Cu®", however, the valence
state *+2’, as it is more stable in the spinel lattice, was adopted

for the discussions of this work. Ergo, the oxidizing valence of
the divalent metallic nitrate, M(NO3),, becomes —10; the triva-
lent metal nitrate, M(NO3)3;, becomes —15; and the reducing
valence of the urea fuel, CO(NH,),, becomes + 6. Therefore,
for a maximum energy release, considering the stoichiometric
composition of the redox mixture (®e = 1), all oxygen content
from the metal nitrates must oxidize in an equivalent way all
the fuel present in the mixture, that is, leading to an oxygen
balance equals zero (OB = 0) (Hwang et al., 2005). So, consid-
ering that it is a MFe,Oy, spinel-type ferrite, where 1 mol of M
(—10), plus 2 mol of Fe (—15), requires an equivalent amount
of 'n” moles of fuel, that is, [l x (—10) + 2 x (—=15) + n X

(+6)] = 0, n = 40/6 = 6.67 mol of urea. Based on this, the
chemical reactions for the syntheses of the Nig s Zng sy
CuyFe,O4 (x = 0; 0.10 and 0.15) system can be expressed in
a simplified way as shown below:

('d) For x = 0, Ni045Zn045F62041

0.5-Ni(NO3),-6H,0() + 0.5Zn(NOs),-6H,0y,
+ 2Fe(NO3)3 - 9H 0 + 6.67- CO(NH,)ys)
— NigsZngsFeyOus) + 6.67 COqy

+ 3733 H:04 + 10.67- Nogg

(b) For x = 010, Nio'4Zno'4Cu0,2F6204:

0.4-Ni(NOs),-6H,0,) + 0.4-Zn(NO3),-6H,0(

+ 0.2 Cu(NO3), - 3H,0 + 2Fe(NO3); - 9H,0,
+ 6.67- CO(NH,)ys) — NigaZngsCugaFesOus)
+ 6.67-COyy +36.73- HyOy + 10.67- Nogy)

(C) For x = 015, Ni0.352n0'35CU043F€204:

0.35-Ni(NO3),-6H,0) + 0.35-Zn(NO;),-6H,0,)
+ 0.3-Cu(NOs) - 3H,0y + 2Fe(NO3); -9H,0,
+ 6.67- CO(NHa)»s) — Nig3sZng35CuigsFerOugs
+ 6.67-COyy +36.43- HyOy + 1067 Nygy)

The redox mixtures of metallic nitrates plus fuel were sub-
mitted to direct heating in a conical reactor of stainless steel
coupled with electrical resistance and with a production capac-
ity of 200 g/batch, which was designed for combustion reaction
synthesis in pilot-scale, as described at the patent BR 10 2012
002181-3 (Costa and Kiminami, 2012). The product of each
reaction, obtained in the form of friable flakes, was de-
agglomerated in a porcelain mortar and sieved in a mesh
#325 ABNT (45 pm), as shown in Fig. 1. The samples were sin-
tered at 1200 °C/1h with heating rate of 10 °C/min in a muffle
oven model Jung 1400.

During the syntheses, the reaction temperature was mea-
sured at 5s time intervals, in online way, using an infrared
pyrometer model RAYR3I + 2 °C, Raytek. The total reaction
time and the flame time were measured using a Technos® dig-
ital timer. To simplify the nomenclatures, the obtained ferrite
systems were denominated: NZ (NigsZngsFe>O4), NZC2
(Nig.4Zng 4Cug,Fey04) and NZC3 (Nig35Zn0.35Cu 3Fe;04)
for the ferrites as synthesized; and NZ-12 (Nig sZng sFe;Oy),
NZC2-12 (Ni0A4Zn0A4CuOA2F6204) and NzZC3-12
(Ni0.35Zn0,35Cu0,3FezO4) for the ferrites sintered at 1200 OC/lh
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Product

(b)

Beneficiation
Process

Fig. 1

2.2. Characterization techniques

The samples were characterized by X-ray diffraction (XRD)
on a diffractometer from Bruker, model D2 Phaser, with
CuKa radiation (A = 1.5418 A), an angle ranging from 10 to
70° (20), voltage of 40 kV and current of 30 mA. The crys-
tallinity and crystallite size for the main peak (311) were cal-
culated from the DIFFRAC.EVA software which is based
on Debye-Scherrer’s equation (Klug and Alexander, 1954).
The lattice parameter (a) was calculated for each composition
using Eq. (1) (Krishna et al., 2012):

a = dhkl(hz + k2 + 12)1/2

)
where a is the lattice constant; dj,, is the inter planar distance;
and (h, k, [) are the Miller indices.

And the theoretical lattice parameter (a,,) was calculated
taking into account the proportion of each element present
in the composition of NiZnCu ferrite, and using the following
the relation (Eq. (2)) (Bajorek et al., 2019; Mapossa et al.,
2020):

g, = ra+ro)+ \/§~(VB + VO)} (2)

8 [ (
3V3
where r4 and rp are the theoretical ionic radius of a tetrahedral
and an octahedraol sites, respectively, and ro is de radios of
oxygen ion (1.32 A). The values of r5 and rg may be calculated
from the relations described by the Egs. (3) and (4) (Bajorek
et al., 2019):

rqy = CAZnJ'(ZI’[ZJr) + CAFP.(F83+) (3)
1
rp = 5 [CBNi.V(NlQJr) + CBC,,.r(CuH) + CBF(,.(F€3+):| (4)

where C4ni, Care, Cani, Crcw, Crre represents the concentra-
tion of Zn?", Fe*' at A-tetrahedral sites and Ni?", Cu®™,
Fe3* at B-octahedral sites, respectively, whereas r denotes
ionic radii for appropriate ions Zn®*" (0.74 A), Fe**
(0.64 A), Ni®* (0.69 A) and Cu>" (0.73 A) (Houshiar and
Jamilpanah, 2018).

Furthermore, the X-ray density (dyzrp) was determined
using Eq. (5) (Deepty et al., 2019; Krishna et al., 2012):

ZMW
NA.a3

(5)

dXRD =

Combustion synthesis (a) and beneficiation process (b) of the reaction products.

where Z is the number of molecules per unit cell (Z = 8), MW
is the molecular weight, N 4 is the Avogadro’s number and a is
the experimental lattice constant. The experimental density
(dpxp) was determined by helium (He) gas pycnometry from
Quantachrome Corporation, model Upyc 1200e v5.04 Pyc-
nometer. The relative density (drgr) was calculated using the
relation described by Eq. (6):

_ dixp (6)

The semi-quantitative analysis of the oxides and elements
present in the ferrite samples was determined by energy
dispersive X-ray fluorescence spectroscopy (EDX) using an
equipment from Shimadzu, model EDX-720. The
theoretical percentage values of the oxides constituting the
Nig 5.xZng 5.xCuycFe,04 ferrite were determined using Eq. (7):

M,
%Xo = Vj.loo (7)

where Xg is the theoretical percentage of the oxide in question
(NiO, ZnO, CuO or Fe,03), Mg is the molecular mass of this
oxide (g) and Mr is the total molecular mass of the analyzed
ferrite (g).

The textural analysis of the ferrite samples was determined
using a surface area analyzer with micropore analysis station,
model Autosorb iQ, Quantachrome. The surface area (SggT)
was determined according to the method developed by Bru-
nauer, Emmett and Teller (BET) based on nitrogen gas
adsorption at multilayers. The particle sizes (equivalent spher-
ical diameters) (Dggt) were calculated by Eq. (8) (Reed, 1995).
The pore volumes (Vp) and pore diameters (Dp) were deter-
mined according to the theory developed by Barrett, Joyner
and Halenda (BJH).

6
DBET dEXP~SBET (8)
where Dggr is the equivalent average diameter (nm), Sggt is
the surface area (m?/g), dexp is the experimental density deter-
mined by pycnometry (g/cm?) and the number ‘6’ is an exper-
imentally calculated factor that represents particles with
approximately spherical shape and no roughness.

The morphological aspects of the ferrites samples were
investigated using a scanning electron microscope (SEM),
model XL30 FEG, Philips.
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The magnetic properties of the samples were evaluated
using a vibrating sample magnetometer (VSM), model 7404
by Lake Shore, with a maximum magnetic field of 13.700 G
at room temperature. By means of the M x H hysteresis loops
it was possible to determine some magnetic parameters, such
as the coercive field (Hc), remnant magnetization (Mg), satu-
ration magnetization (Ms) and remanence ratio (Mgr/Msg).
The values of Bohr magneton (ng) were calculated using Eq.
(9) (Satpute et al. 2019).

MW.Mg
5585 ©)

where MW is the molecular weight and My is the saturation
magnetization obtained from the hysteresis loop.

The investigation of the electromagnetic microwaves
absorption at frequencies range of 8.2-12.4 GHz (X-band)
was carried out using specimens of ferrite/paraffin with weight
ratio of 50/50 w/w, which were tightly inserting into a rectan-
gular waveguide and analyzed by the Transmission/Reflection
method (T/R) (Baker-Jarvis et al., 1993). The measurements of
the microwave reflectivity level were determined by measuring
variations of the reflection loss (dB) versus frequency (GHz)
using a network analyzer system, model N5232A PNA-L, Key-
sight. The equations that relate the scattering data to the per-
meability (W', n”) and permittivity (¢, €”) of the samples follow
the Nicolson-Ross-Weir algorithm (Nicolson, 1968; Costa
et al, 2017). The waveguide sample holder
(22.86 x 10.16 mm?) was fabricated by cutting the flange from
an X-band standard waveguide with 8 mm in length. The mea-
surement calibration procedure adopted typical waveguide
standards: a Aym/4 off-set (line), a short circuit (reflect), and
a ‘thru’ measurement (where Ay, is the guided wavelength at
the geometric mean frequency for the X-band). In order to
avoid undesirable resonances during the measurements, the
thickness of the samples was limited to 1.0-2.0 mm.

np =

3. Results and discussion

3.1. Combustion synthesis parameters

When chemical elements are added in a combustion reaction,
their atomic emission spectra can affect the frequencies of vis-
ible light radiation emitted, in other words, the flame appears
in different colors according to the chemical element added.
Then, in the heating of a reaction, the outermost electrons of
the chemical elements present in the molecules of the reagents,
tend to get more excited, gaining energy to jump to more inter-
nal electronic levels (high energy levels). Since this new energy
state is unstable, these electrons tend to quickly return to their
lowest energy state, thus releasing an energy photon with a
wavelength equivalent to the difference of these energy levels.
As the emission spectrum is unique for each element, it is com-
mon that in combustion flames, copper (II) emits photons in
green color, zinc (II) in bluish-green to pale green color, nickel
(IT) in white color or colorless, and iron (III) in orange-brown
color (Conkling and Mocella, 2010).

Fig. 2 shows images of the combustion flames captured
during the syntheses by combustion reaction of the NZ
(Ni0'5Z1’10A5F6204), NZC2 (Nio44Zn044Cu0'2FezO4) and NZC3
(Nig.35Zn¢ 35Cug 3Fe,0y) ferrites, respectively. It is possible to
observe intense flames, with heights of approximately 1 m

(1 m). As expected, the combustion flame referring to the
undoped NiZn ferrite synthesis prevailed in the orange color
from iron element, while in the compositions of the Cu-
doped NiZn ferrites, as this dopant was added, the flames
gained tonalities more for the green color.

Fig. 3 shows the temperature curves as a function of time
measured during the syntheses by combustion reaction of the
Nig 5.xZng 5xCurFe;04 (x = 0; 0.10 and 0.15) nanoferrites.
And at Table 1 are the reaction parameters from the combus-
tion syntheses, such as maximum temperature reached during
the reaction (Tp.x), total reaction time (t,), flame time (t¢), total
mass of the reaction product (m), and color of the combustion
flame.

According to Fig. 3, small fluctuations in temperature can
be observed throughout the interval preceding ignition. This
occurs due to the dehydration of nitrates in the presence of
the fuel, which leads to a great release of gases and an increase
in the viscosity of the mixture, providing, in sequence, the igni-
tion. As expected, the temperature of the combustion flame
increases substantially shortly after ignition, reaching the max-
imum reaction temperature, which ranged from 682 to 738 °C.
It was also observed that as the copper content in the system
increased, the lower the maximum combustion temperature
reached, going from 738 °C at NZ ferrite synthesis, to 702 °C
at NZC2, and 682 °C at NZC3. However, it can be said that
the values presented were very close, with a maximum varia-
tion of only 56 °C.

According to Table 1, it is observed that the syntheses pre-
sented flame times ranging from 18 to 24 s, with the maximum
value for the synthesis of NZC2 ferrite; total reaction time not
exceeding 17 min; and total mass of the reaction product rang-
ing from 209 to 215 g, that is, a production above expectations,
since the synthesis reactor was designed for a maximum pro-
duction capacity of 200 g/batch (Costa and Kiminami, 2012).

Therefore, it is possible to affirm the success of the combus-
tion syntheses in the ferrites production at pilot-scale, and that
these synthesis parameters are intrinsic characteristics of each
system, having great relevance at determining the properties
and characteristics of the final product (Dantas and Costa,
2019).

3.2. Structural characterization

Fig. 4 shows the X-ray diffraction curves referring the
Nig 5.xZng 5xCurFe;04 (x = 0; 0.10 and 0.15) ferrites as
synthesized and sintered at 1200 °C/lh. It is observed
at the X-ray diffractograms of the as synthesized
Nig 5.xZng 5xCurFe 0y ferrites (Fig. 4a), that the combustion
reaction method at pilot-scale allowed the formation of the
cubic structure of the inverse spinel ferrite, evidenced by the
positions and relative intensities of the 8 (eight) main peaks
referring to the (111), (220), (311), (222), (400), (422),
(511) and (440) planes of spinel ferrites, which are close fitted
to the standard JCPDS file no. 48-0489, indicating Fd3m space
group. All diffractograms also showed the presence of less
intense peaks characteristic of the segregated phase of hematite
(Fe»03), according to standard JCPDS file no. 25-1228.
Besides hematite, the diffractograms of NZ and NZC3 samples
also showed the presence of the segregated phase of zinc oxide
(ZnO) identified by the standard JCPDS file no. 79-0208.
Kabbur et al. (2018) when analyzing by XRD the
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Fig. 2
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Fig. 3 Temperature versus time measured during the combus-
tion syntheses of the ferrites.

Nio_z5CU0‘30Zn0'45DyXFez_xo4 (X = 00, 0025, 0.05. 0.075 and
1.25) ferrite synthesized by sol-gel autocombustion route, they
also confirmed the presence of hematite (Fe,O5) as segregated
phase, in addition to the presence of the NiZnCu spinel ferrite
as majoritary phase. However, although did not mention by
the authors, but the diffractograms also showed small peaks
characteristic of the segregated phase of ZnO, as observed at
the present study.

Images of combustion flames captured during the syntheses of the ferrites: (a) NZ, (b) NZC2 and (c) NZC3.

It can be said that the appearance of these segregated
phases is possibly related to the speed of the combustion reac-
tions (total time less than 17 min), the short period of flames
presence (18 to 245s), and the low maximum temperature
reached during the syntheses, which did not exceed 750 °C.
However, even not allowing the formation or complete crystal-
lization of the desired spinel phase, this does not compromise
the efficiency of the combustion synthesis, but only indicates
the need for changes in the synthesis conditions to obtain a
single-phase product, if it is essentially necessary. In the pre-
sent study, however, it was observed that by submitting these
NiZnCau ferrites with presence of segregated phases to a sinter-
ing process at 1200 °C/1h, made it possible the monophasic
formation of the cubic structure of Nigs.<Zng s.xCusFe,Oy
spinel ferrite, evidenced by the peaks correspondent to the
(111), (220), (311), (222), (400), (422), (511) and (440)
planes identified by the standard JCPDS file no. 48-0489,
which showed themselves more intense and smaller basal
width, characterizing a more crystalline material, as shown in
Fig. 4b. Ergo, it can be said that the high temperature of sin-
tering process provided the necessary energy for the metallic
ions segregated at deleterious phases, to assume their position
within the cubic structure of the inverse spinel, allowing the
complete crystallization of the desired phase.

Hwang et al. (2005) and Dantas et al. (2020) when they
studied the synthesis of NiZn ferrite by combustion reaction,
varying the synthesis conditions, whether evaluating the excess
or deficiency of fuel, or even the production scale, both attrib-
uted the presence of segregated phases to the low temperatures
reached during syntheses, which did not exceed 800 °C.

Table 1 Parameters of temperature and time measured during the combustion syntheses of Ni 5..Zn 5.xCu,y,Fe;O4 (x = 0; 0.10 and

0.15) ferrites.

Sample x (mol) Thax (°C) t; (min) te (8) M (g) Color (flame)
Nz 0 738 16.5 18 209 orange

NZzZC2 0.1 702 14.8 24 215 greenish-orange
NZC3 0.15 682 15.9 21 213 green
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Fig. 4 X-ray diffraction curves of Nig s.xZng s.xCurFe,O4 (x = 0; 0.10 and 0.15): (a) as synthesized, and (b) sintered at 1200 °C/1 h.

Pozo Lopez et al. (2010) studied the synthesis of NiZn fer-
rite by the solid state reaction method via ball milling, and
only obtained the formation of the desired phase after 260 h
of milling under atmospheric air, and even so, presenting
hematite as secondary phase; and only under argon atmo-
sphere, the authors obtained NiZn ferrite in its monophasic
form. Peng et al. (2017) synthesized NiZn ferrite by the co-
precipitation method, and managed to obtain the spinel ferrite
after approximately a period of 6 h, involving a series of steps,
and also presenting the hematite as secondary phase. In other
words, comparing the combustion reaction with the methods
described above, it can confirm even more the advantage of
combustion synthesis at the production of a final product of
simple way, since it does not involve multiple steps, and
because it is efficiently fast, with duration of only some min-
utes. Furthermore, although the combustion reaction method
is already a well-established technique when it comes to
bench-scale production (Leal et al., 2018; Dantas et al., 2017,
Mapossa et al., 2020; Hwang et al., 2005), the present study
seeks to expand the use of the technique with pilot-scale pro-
duction, that is, 200 g/batch of spinel-type ceramic phases, like
the NiZnCu ferrite.

Table 2 lists the values of crystallite size (S.), crystallinity
(X,), theoretical (ay,) and experimental (a.p) lattice parameter,
X-ray density (dxrp), experimental density obtained by helium
pycnometry (dgxp), and relative density (drgy ) referring to the
Nig 5.xZng 5.xCurFe;04 (x = 0; 0.10 and 0.15) system as syn-
thesized and sintered at 1200 °C/1 h.

In general, it can be said that the more copper was intro-
duced in the Nijs..Zng 5.,Cu,,Fe,04 system, the smaller the
crystallite size and the crystallinity of the formed ferrites, as
shown in Fig. 5.

Among the as synthesized ferrites (NZ, NZC2 and NZC3),
it was observed a slight decrease in crystallite size, whose val-
ues were 25.8, 25.5 and 24.9 nm, and also in crystallinity, with
values of 60.3, 51.3 and 40.9%, respectively, which is possibly
related to the energy supplied for the formation and growth of
the crystals by the synthesis temperatures reached during com-
bustion, whose values were 738 °C, 702 °C and 682 °C, respec-
tively. That is, the higher the synthesis temperature, the greater
the energy supplied for crystal growth, therefore, the larger the
crystallite size and crystallinity of the sample. The same behav-
ior, however, enhanced by the greater energy supplied during
sintering (1200 °C/1 h), continued to be observed for ferrites
NZ-12, NZC2-12 and NZC3-12, that is, the higher the Cu con-
tent introduced in the Nigs.,Zngs.xCuyFe,O4 system, the
crystallite size was smaller, with values ranging from 88.4 to
79.0 nm, and the crystallinity from 86.4 to 64.1%. Comparing
the samples as synthesized with the sintered ones, increases of
241%, 243% and 217% were observed in the crystallite sizes,
and 43%, 64% and 57% in the crystallinity values of the fer-
rites. Lv et al. (2016) when synthesized Nij sZng sFe,O4 ferrite
by sol-gel method and evaluated the effect of calcination at
temperatures of 600, 700, 800, 900 and 1000 °C over a period
of 1 h, they observed a gradual increase in the crystallite size,
whose values were 25.3, 37.2, 73.6, 95.4 and 112 nm, respec-
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Table 2 Crystallite size (S.), crystallinity (X), theoretical and experimental lattice parameter (au,; acxp), X-ray density (dxrp),
experimental density obtained by helium pycnometry (dgxp) and relative density (dggr) of Nigs.xZngs.CuyFe Oy ferrites as
synthesized and sintered at 1200 °C/1 h.

Sample S (nm) X (%) an (A) dexp (A) dxrp (g/em’) dexp (g/em’) dreL
Synthesized NZ 25.8 60.3 8.381 8.371 5.384 5.379 0.999
NZC2 25.5 51.3 8.356 8.355 5.435 5.422 0.998
NZC3 24.9 40.9 8.357 8.359 5.417 5.474 1.010
Sintered NZ-12 88.4 86.4 8.381 8.385 5.357 5.397 1.007
NZC2-12 87.6 84.1 8.356 8.374 5.385 5.476 1.017
NZC3-12 79.0 64.1 8.357 8.337 5.460 5.563 1.019
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Fig. 5 Variation of crystallite size and crystallinity with the

Cu®" ions concentration at Nig 5.xZng 5.xCusFe,O4 ferrites as
synthesized and sintered at 1200 °C/1 h.

tively, confirming the contribution of temperature to crystal
growth, similar to the behavior observed in the present study.
The reduction in crystallite size and crystallinity with the addi-
tion of Cu has also been reported by Caltun et al. (2001), when
they synthesized the NiZn ferrite doped with Cu via conven-
tional ceramic method.

The variation of theoretical and experimental lattice
parameter as a function of Cu®>" ions concentration in the
Nig 5.xZng 5.xCusFe,Oy4 system as synthesized and after sinter-
ing at 1200 °C/1 h is shown in Fig. 6. Taking into account that
the theoretical lattice parameters were calculated as a function
of the Cu-doping in NiZn ferrite and the ionic radii sizes pre-
sent in each system, whose adopted values were 0.69 A (Ni?™),
0.74 A (Zn>"), 0.73A (Cu®"), 0.64A (Fe’") and 1.40 A
(0*), it was possible to notice a tendency of reduction of
the lattice parameter of —0.30% and —0.29% when compared
to the theoretical latticg parameter of NijsZng sFe,Oy4 ferrite,
whose value was 8281 A, that is, there was a decrease followed
by a subtle increase (+0.1%). Contrary to what is seen in the
literature (Das and Singh, 2016; Houshiar and Jamilpanah,
2018; Ruiz et al., 2013; Dantas et al., 2017), where Cu’* nor-
mally replaces Ni** in NiZn ferrite, and occurs a trend
towards an increase in the lattice parameter, since the radius
of Cu®* (0.73 A) is greater than that of Ni*" (0.69 A), in
the present study, however, there is a partial and proportional

Fig. 6 Variation of the theoretical and experimental lattice
parameter with the Cu’" jons concentration at Nig 5.xZng 5.xClsy-
Fe O, ferrites as synthesized and sintered at 1200 °C/1h.

replacement of the Ni** and Zn?* ions by the Cu®" ions, as
represented by the Nigs.«Zng s.cCuyFe;O4 (for x = 0, 0.10
and 0.15) system, and that justifies the slight decrease in the
lattice parameter, since Cu®" ions are approximately 5.5%
higher than Ni*" and 1.4% lower than Zn*".

Following the same tendency of the theoretical lattice
parameters, the experimental lattice parameters of the as syn-
thesized ferrites (NZ, NZC2 and NZC3) showed decreases of
—0.19% and —0.14% after doping with 0.2 and 0.3 mol of
Cu, respectively, when compared with the Nij sZng sFe,O4 fer-
rite lattice parameter (8.271 10\), that is, after doping there was
a decrease of —0.19 followed by an increase of +0.05%. Then,
analyzing the lattice parameters of the sintered ferrites (NZ-12,
NZC2-12 and NZC3-12), it was observed decreases of —0.13%
and —0.57% after doping with 0.2 and 0.3 mol of Cu in the
Nig 5.xZng 5.xCuyrFe,04 system. In general, this proximity to
the experimental and theoretical values demonstrates the suc-
cess of the synthesis by combustion reaction for the ferrite sys-
tems under study.

Fig. 7 shows the variation of X-ray density and experimen-
tal density obtained by helium (He) pycnometry as a
function of the Cu®>" ions concentration introduced into the
Nig.s.xZng 5.xCurFe,04 system as synthesized and sintered at
1200 °C/1 h.



E. Leal et al.

8108
5.60 — , , — 5.60
K J

5.55 . L 555
o &
: :
3 5507 550 5
Q x
© o
x w
T 545 Sintered .- L 545 ©
= e 2
7] Vet 7]
< L <
A 5404 @ " i L540 &

UL
------ Synthesized
535{ 9@ 4 L 5.35
T T T T
0.0 0.1 02 03

Cu?* Concentration

Fig. 7 Variation of X-ray and experimental density with the
Cu®" ions concentration at Nig s Zng sxCurFe,O4 ferrites as
synthesized and sintered at 1200 °C/1 h.

In general, an increase in density is observed with the intro-
duction of Cu in the Nig 5.,Zng 5.,Cu,rFe,Oy4 system, exception
given to the as synthesized ferrite with 0.3 mol of Cu®*
(NZC3), which showed a reduction of 0.34% when compared
to the ferrite with 0.2 mol of Cu?>* (NZC2). This behavior is
justifiable, since the density is a measure inversely proportional
to the lattice parameter (see Eq. (5)), as shown in Table 2 and
Fig. 6, where NZC3 ferrite showed a slight increase in its
lattice parameter compared to NZC2 ferrite. Ehi-Eromosele
et al. (2015) when studied the fuel content in the synthesis by
combustion reaction of the CoygMgy,Fe,O,4 ferrite, they
observed a similar behavior, because the lower the lattice
parameter, the greater the X-ray density achieved. Mapossa
et al. (2020) reported the synthesis of Nig3Zng,Fe,O4 ferrite
by the combustion reaction method, with crystallite size of
20.0 nm, X-ray density of 5.330 g/cm®, and experimental den-
sity of 5.334 g/em?. Bajorek et al. (2019) when they synthesized
Nig sZng sFe,O,4 ferrite by the co-precipitation method, they
reported a crystallite size of 20.4 nm and X-ray density of
5.32 g/em?. The results reported by the authors showed density
values very close to that of Niy sZng sFe,Oy, ferrite under study,
but smaller crystalline size.

Regarding the relative density (Table 2), it was observed
values close to 1, indicating the good admeasurement between
the X-ray densities and the absolute densities obtained by
helium pycnometry.

3.3. Semi-quantitative oxides analysis

Table 3 shows the experimental and theoretical values of the
semi-quantitative analysis of oxides, determined by EDX,
referring to the Nig 5.,Zn0.5-xCu,,Fe,0y, ferrites as synthesized
and sintered at 1200 °C/1 h. The results of the experimental
values of the oxide composition are consistent with the calcu-
lated theoretical values, presenting percentage differences
below 1.0%. This indicates that the expected stoichiometry
based on the preparation of the Nig 5.,Zn0.5-xCu,,Fe,O4 cubic
spinel ferrite was maintained in the samples synthesized by
combustion reaction and after the sintering process. The sam-
ples NZC3, NZ12, NZC2-12 and NZC3-12 showed traces of

impurities of the oxides Al,O3 and/or SiO,, which are possibly
associated with the beneficiation process, which made use of
the porcelain mortar; and with the contact sample/ceramic
plate during the sintering process.

3.4. Textural characterization

Fig. 8 shows the N, adsorption/desorption isotherms referring
to the textural characterization of Nij s.xZng 5.xCu,Fe,Oy, fer-
rites as synthesized and sintered at 1200 °C/1 h. It is possible to
observe that the as synthesized ferrites (Fig. 8a) indicate type
IV isotherms, typical of mesoporous materials, according to
the IUPAC classification (Sing et al., 1985). And the sintered
ferrites (Fig. 8b) indicate isotherms tending to type II mixed
with type IV, since they present a slight delay in the desorption
process (Sing et al., 1985). Type II isotherm is characteristic of
non-porous or macroporous materials, while type IV isotherm,
as already mentioned, is typical of mesoporous materials. All
isotherms present a slight inflection around relative pressure
of approximately 0.2, indicating the monolayers adsorption
on the surface of the material, including the surfaces of the
micropores and mesopores. Between 0.25 and 0.50 P/P,, inter-
mediate relative pressures, there is a linear increase of the
adsorbed volume that can be attributed to the capillary con-
densation phenomenon in the mesopores. Then, at relative
pressures above 0.50, the increase in the adsorbed volume
under higher relative pressures is associated with the multilayer
adsorption and/or to the condensation in the secondary meso-
pores. And finally, at relative pressures above 0.80, the
adsorbed volume may be associated to the filling of the voids
between the particles that can be considered as porosity
(Oliveira and Andrada, 2019). All of these transitions are
much more well-defined in the isotherms of the as synthesized
ferrites (Fig. 8a), since they present well-defined hysteresis
loops, which may be attributed to the capillary condensation,
that occurs because of the delay in pore condensation.

Also according to the IUPAC classification (Sing et al.,
1985), the as synthesized ferrites (Fig. 8a) present hysteresis
loop of type H2, indicating the possible presence of cylindrical
pores, open and closed with necking, resulting in an irregular
morphology with a bottle aspect. However, the sintered ferrites
(Fig. 8b) presented hysteresis loop of type H3, where the pores
have a wedge or slit geometry, resulting from agglomerates of
parallel plates-shaped particles. These considerations corrobo-
rate the results obtained in the morphological analysis for the
under study ferrites, as shown in Figs. 9 and 10.

Table 4 shows the results of textural parameters obtained
from the N, adsorption/desorption isothermal data for the
Nig 5.xZng 5.xCusFe,O4 (x = 0; 0.10 and 0.15) ferrites as syn-
thesized and sintered at 1200 °C/1 h. In general, whether in fer-
rites as synthesized or sintered, it is observed that the
introduction and increase of Cu®" content in the
Nig.5.xZng 5.xCurFe,04 system led to an increase in the parti-
cle size, whose values ranged from 25.93 to 28.21 nm and from
190.01 to 376.20 nm, and consequently, a reduction in the sur-
face area, whose values ranged from 38.851 to 43.013 m?*/g and
from 2.867 to 5.851 m?/g, respectively. As expected, the most
significant changes were observed when comparing the textural
parameters of ferrites before and after sintering, since the
energy supplied during sintering was much greater than in
the synthesis process. Therefore, it was observed percentage
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Table 3 Percentages of theoretical and experimental oxides determined by EDX of Nig 5.,Zng 5.xCu,,Fe,O, ferrites as synthesized and

sintered at 1200 °C/1 h.

Samples Oxides (%)
NiO ZnO CuO Fe, 05 Outros*
Synthesized NZ E - 16.117 E — 16.468 - E - 67.415 -
T — 15.696 T - 17.108 T — 67.196
D - 0.421 D - —0.640 D -0.219
NZC2 E - 12.874 E — 13.098 E - 6.108 E - 67.920 -
T - 12.541 T — 13.669 T - 6.678 T -67.112
D - 0.333 D - —0.571 D - —0.570 D - 0.808
NZC3 E - 11.212 E - 11.694 E - 9.121 E - 67.756 E - 0.217%
T — 10.966 T - 11.953 T —10.011 T — 67.070
D - 0.246 D - 0.259 D - —0.890 D - 0.686
Sintered NZ-12 E — 15.462 E - 16.359 — E — 68.024 E — 0.155°
T — 15.696 T - 17.108 T - 67.196
D - —0.234 D - —0.749 D - 0.828
NZC2-12 E - 12414 E - 13.261 E - 6.097 E — 67.889 E - 0.339°
T — 12.541 T — 13.669 T - 6.678 T - 67.112
D - —0.127 D - —0.408 D - —0.581 D - 0.777
NZC3-12 E - 11.459 E - 11.576 E-9.173 E — 67.662 E - 0.130¢
T — 10.966 T-11.953 T - 10.011 T - 67.070
D - 0.493 D - —-0.377 D - —0.838 D - 0.592

Note: T - theoretical value calculated by Eq. (7); E - experimental value; and D - difference between the experimental and theoretical values.
* Impurities: * Al,O3 (0.217%); ° Si0, (0.155%); © ALO3 (0.202%) and SiO, (0.137%); ¢ SiO5 (0.130%).
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Fig. 8 N, adsorption/desorption isotherms for Nig s5..Zng s.xCu,,Fe,Oy ferrites: (a) as synthesized and (b) sintered at 1200 °C/1h.

increases in particle size of 633%, 1229% and 1233% for the
ferrites NZ-12, NZC2-12 and NZC3-12, respectively, when
compared with the non-sintered ones. This increase in particle
size can be attributed to the acceleration of the interdifusion
process of the cations promoted by Cu®" ions (Rezlescu
et al., 2000; Dimri et al., 2006), and to the increased reactivity
of ferrite fine particles that possibly coalesce to form larger
particles, especially after the sintering process, which leads to
a reduction of pores and contraction of volume, thus con-
tributing to greater density. It was observed pore radii ranging
from 21.189 to 22.637 A and from 16.691 to 16.797 A, and
pore volume ranging from 0.118 to 0.175cm’/g and from
0.006 to 0.011 cm®/g, for the ferrites as synthesized and sin-
tered, respectively. That is, after sintering, the ferrites NZ-12,

NZC2-12 and NZC3-12 showed reductions of 93.7%, 94.7%
and 94.5% in the pore volume, and of 25.8%, 23.7% and
20.9% in the pore radius.

Furthermore, taking into account that the addition of
Cu®" due to its atomic mobility favors the decrease of the sin-
tering temperature of the system (Rezlescu et al., 2000;
Nakamura and Okano, 1997), it can be said that Cu acceler-
ates the whole process of pore elimination, and growth and
coalescence of nanoparticles. Analyzing the NZ-12, NZC2-12
and NZC3-12 ferrites, it is observed that the introduction of
0.2 and 0.3 mol of Cu in the NiZn ferrite led to significant
increases in particle size, with additions of 86.07% and
97.99% when compared to the undoped NiZn ferrite (NZ-
12), and decreases of 36.4% and 45.4% in the pore volume,
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Table 4 Specific surface area (Sggt), particle size (Dggt), pore volume (Vp), pore radius (Rp) and the particle size/crystallite size ratio
(Dget/Sc) of Nig s.<Zng s.xCu,Fe,Oy ferrites as synthesized and sintered at 1200 °C/1h.

Sample SBET (mz/g) Dggr (nm) Ve (CmS/g) Rp (A) Dger/Sc*

Synthesized NZ 43.013 25.93 0.175 22.637 1.005
NZC2 41.597 26.60 0.132 21.891 1.043
NZC3 38.851 28.21 0.118 21.189 1.133

Sintered NZ-12 5.851 190.01 0.011 16.797 2.149
NZC2-12 3.099 353.56 0.007 16.691 4.036
NZC3-12 2.867 376.20 0.006 16.764 4.762

* S¢ = Crystallite size from XRD data.
respectively. As for the values of the particle size/crystallite size quadrupled. This indicates a more polycrystalline

ratio (Dggr/Sc), it is noticed that as Cu ions were introduced
in NiZn ferrite, the value of this ratio increased, as well as its
significant increase after sintering, whose values doubled or

characteristic of the ferrites after sintering, since one particle
is constituted by greater number of crystals (Dantas et al.,
2017).
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3.5. Morphological characterization

Figs. 9 and 10 show the scanning electron micrographs for the
Nig 5.xZng 5.xCusFe,O4 (x = 0; 0.10 and 0.15) ferrites as syn-
thesized and sintered at 1200 °C/1h, respectively. According
to the micrographs of Fig. 9, referring to the as synthesized fer-
rites, it is observed agglomerates formed by nanoparticles
joined by weak forces, with irregular shapes and sizes, and
with a great presence of interparticle porosity, characteristic
of powders synthesized by combustion reaction, in response
to the great evolution of gases generated during the reactions.
As combustion syntheses occur in abrupt and quick way, the
nucleation mechanism overlaps growth mechanism of the par-
ticles, forming powders with nanometric characteristic. Leal
et al. (2018) when synthesize MFe,O4 (M = Cu, Ni, Co, Mn
and Fe) spinel ferrites by combustion reaction, they also
observed morphologies formed by agglomerates of weakly
bound particles, with friable aspect, attributing this character-
istic to the synthesis method.

Analyzing the SEM images of the sintered ferrites, a great
change in the morphology of the formed ferrites is observed.
At first, the grain growth is observed in response to the energy
supplied during the sintering process. The sintered sample of
the undoped Niy sZny sFe,Oy4 ferrite, NZ-12 (Fig. 10a), shows
a morphology with wide grain size distribution, with values
ranging from 0.22 to 1.65 um, with irregular shapes, and con-
stituted of thin plates piled in parallel. After the Cu addition in
the Nig sZng sFe,04 system, the change in ferrite morphology
is notable, where the grains are no longer made up of slim
and irregular plates, assuming defined and varied polygonal
shapes, such as hexagons and pyramids, also with a wide size
distribution, ranging from 0.52 to 2.15 um and 0.54-1.90 um,
and average sizes of 1.31 and 1.33 um, for the ferrites doped
with 0.2 and 0.3 mol of Cu (NZC2-12 and NZC3-12), respec-
tively. This wide distribution in grain size is result of the large
amount of nucleation and growth of nanocrystallites. The
growth mechanism can be explained as an oriented aggrega-
tion of primary nanoparticles, involving the self-assembly of
adjacent nanoparticles in a common crystallographic orienta-
tion and joined to form planar interfaces, minimizing the over-
all energy of the system (Liu et al., 2009).

This change in shape and morphology with the Cu addi-
tion, possibly is correlated with the dimensions of the ionic
radii of the precursors. During the synthesis by combustion
reaction, which in turn are fast reactions, the precursors are
adsorbed onto the preferred planes in short intervals of time,
changing the growth kinetics at nucleation stage. Therefore,
after sintering, the Cu ions, which have a high rate of interdif-
fusion in solid solution (Rezlescu et al., 2000), change the grain
growth kinetics, modifying the collective behavior of van der
Waals forces and electrostatic interactions that lead to the
self-aggregation of nanoparticles in a specific direction (such
as nanoplates), changing the morphology to better defined
polygonal shapes, with greater thickness and apparently more
dense, corroborating the results of density and textural
analysis.

Das and Singh (2016), when evaluating the Cu-doping in
NiZn ferrite, they observed changes in the shape and morphol-
ogy of the particles, since the undoped NiZn ferrite presented
particles with nanoplates format, as showed at the present
study, and that after the Cu addition, it was observed a nanor-

ods morphology, with growth directed towards a determined
crystal axis. The authors also attributed this change in shape
to the preferential growth kinetics of nanoparticles caused by
copper.

3.6. Magnetic characterization

The magnetic study was carried out in order to investigate
whether the Cu doping and the structural transitions after
the sintering process generated effects on the magnetic proper-
ties of NiO'S_XZn()'S_XCU2XFezo4 (X = O, 0.10 and 015) ferrites.
The magnetic hysteresis loops (M x H) measured at room tem-
perature with an applied field of 15 KOe are shown in Fig. 11,
and illustrate the magnetic behavior of NiZnCu ferrites. It was
observed that all ferrite systems presented narrow and well-
defined S-shaped hysteresis loops, with low remaining magne-
tization (My) and coercivity (Hc) values, indicating a ferri-
magnetic behavior typical of soft magnetic materials, i.e.,
which magnetize and demagnetize more easily (Sugimoto,
1999; Tsay et al., 2000; Dantas et al., 2017).

Table 5 reports the values of the magnetic parameters deter-
mined from hysteresis loops M x H, such as saturation magne-
tization (Mg), remnant magnetization (M), coercivity (Hc),
remanence ratio (Mgr/Ms) and Bohr magneton number (ng)
of the Nig s.xZng s.xCu,Fe,Oy4 ferrites as synthesized and sin-
tered at 1200 °C/1 h.

The magnetic properties in nanoparticles are influenced by
both intrinsic factors (chemical composition, cation preferen-
tial occupation and exchange interaction effect) and extrinsic
factors (microstructure, porosity and grain size), which, in
turn, are related to the synthesis and sintering processes
(Dimri et al., 2006; Ahmed et al., 2004; Lima et al., 2008;
Pozo Lopez et al., 2010). In soft magnetic ferrites, the satura-
tion magnetization directly depends on the net magnetization
of the spinel lattice, which can be explained by the interaction
between the magnetic moments of the two sublattices A and B,
relative to the octahedral-site (B-type) and tetrahedral-site
(A-type), according to the expression M = Mg-Mjy
(Hajarpour et al., 2014; Bajorek et al., 2019; Houshiar and
Jamilpanah, 2018). It is known that Ni2* ions (2 uB) prefer
to occupy octahedral sites, Zn>" ions (0 pB) prefer tetrahedral
sites, and Fe*™ (5 uB) and Cu®>" (1 pB) ions can occupy both
the tetrahedral and octahedral sites, maintaining the prefer-
ence for octahedral sites (B-type). Since the NiZn ferrite has
twelve Fe** ions (3d%4s?) and four Ni>™" jons (3d%4s) at octa-
hedral positions, and inversely positioned, it has four Fe®"
ions and four Zn>" ions (3d'%4s?) at tetrahedral positions,
which leads to a general cation distribution formula equivalent
to (anngeng)A[NiégFeffg]BQ;. Therefore, the four Fe* " ions
at tetrahedral sites (A) are cancelled by the four Fe*" ions
at octahedral sites (B), remaining still eight Fe>* ions at the
octahedral sites (B).

With the Cu®* doping into the NiZn ferrite, the Cu®" ions
(3d"%4s") partially replace the four Ni** jons at octahedral
positions (B) and the four Zn>" ions at the inverse tetrahedral
positions (A). Taking into account the replacement of Ni*"
ions by Cu®>" ions at the B sites, the Mg value should initially
decrease, since the magnetic moment of Cu?" ions (1 pB) is
lower than Ni*" ions (2 uB).

Now, considering the partial replacement of Zn>" ions by
Cu®" ions at A sites, and that the magnetic moment of
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Fig. 11  Magnetic hysteresis loops of Nig s.xZng s.xCusFe,O4 (x = 0; 0.1 and 0.15 mol of Cu) ferrites: (a) as synthesized, and (b) sintered

at 1200 °C/1 h.

Table 5 Saturation magnetization (Mg), remnant magnetization (Mg), coercivity (Hc), remanence ratio (Mg/Mg) and Bohr
magneton number (ng) of Nig 5.xZng 5.xCurFe,O4 (x = 0; 0.1 and 0.15) ferrites as synthesized and sintered at 1200 °C/1 h.

Sample Mg (emu/g) Mg (emu/g) Hc (Oe) Mg/Ms ng
Synthesized Nz 21.89 1.73 19.56 0.079 0.93
NzZC2 29.24 2.89 61.43 0.099 1.25
NZC3 22.23 2.16 61.71 0.097 0.95
Sintered NZ-12 85.80 2.67 16.42 0.031 3.65

NZC2-12 73.28 2.07 1.02 0.028 3.12
NZC3-12 71.57 2.01 2.75 0.028 3.05

Cu®” jons (1 uB) is greater than Zn>" ions (0 uB), one should

also expect a reduction at Mg value, since the general magnetic 100

moment balance (Mg-M ) will also tend to decrease. However,

as a consequence of Cu doping in NiZn ferrite, a reduction in

the Mg value must be expected (Houshiar and Jamilpanah, 80 Q\Q\Q

2018; Dantas et al., 2017; Das and Singh, 2016), and it was

what really happened among the sintered Nigs.xZngs. -

«Cuy,Fe,04 (x = 0; 0.10 and 0.15) ferrites, since as the con- L;" 60

tents of 0.2 and 0.3 mol of Cu were added, the lower was the £ —Q— Synthesized

Mg, whose values were 85.80, 73.28 and 71.57 emu/g for the L —Q— Sintered

NZ-12, NZC2-12 and NZC3-12 ferrites, respectively, as shown § 40 1

in Table 5 and Fig. 12. The same behavior was not observed

among the as synthesized Nigs.<Zngs.<CuyFe,O4 ferrites, °//o\o

since the greater Mg value belonged to NiZn ferrite doped with 20

0.2 mol of Cu (NZC2), whose value was 29.24 emu/g, while the

undoped NiZn ferrite (NZ) and the one doped with 0.3 mol of

Cu (NZC3) showed values of 21.89 and 22.23 emu/g, respec- 0 . . . .

tively. This fact is possibly related to the greater segregation 0.0 0.1 0.2 0.3

of the hematite (Fe,O3) and zinc oxide (ZnO) phases in NZ Cu?* Concentration

and NZC3 ferrites, as seen in the X-ray diffraction results

(Fig. 4). Therefore, the exchange interaction between the segre- Fig. 12 Saturation magnetization (Mg) in function of the Cu?”*

gated phases of Fe,O; (antiferromagnetic or weak ferromag-
netic) and ZnO (paramagnetic), together with the majoritary
phase of the NiZnCu ferrite (ferrimagnetic), leads to a reduc-
tion in the total magnetic moment, accounting for losses at
the magnetic properties of the material as a whole.

Similar behavior of magnetic interference by segregated
phases has been reported in the literature (Lv et al., 2016;

ions concentration at Nig s.<Zng s.xCu,Fe,O,4 ferrites as synthe-
sized and sintered at 1200 °C/1 h.

Lima et al., 2008; Pereira et al., 1999; Pozo Lopez et al.,
2010). On the other hand, it is remarkable that part of the
7Zn*" and Fe* " ions that left the desired stoichiometric com-
position (Nig 5..Zng 5.,CurFe>O4) at the form of the Fe,O;
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and ZnO segregated phases, led to the formation of ferrites
with compositions with a greater relative quantity of Ni*™
and Cu?" ions. That is, in the NZ ferrite case, the decrease
in Zn>" ions at A sites led to a greater occupation of Fe* " ions
at these sites, thus causing a reduction in the net magnetic
moment of the spinel lattice (Mg-M,). The same may have
happened for the NZC3 ferrite, where Cu?* and Fe®" ions
may have assumed the free positions left by the deficiency of
Zn>" ions in the tetrahedral sites (A).

Comparing the as synthesized ferrites with the sintered ones
(Fig. 12), it was observed significant percentage increases of
292%, 151% and 222% in the Mg values of the NZ-12,
ZNC2-12 and NZC3-12 sintered ferrites, respectively. It was
also observed respective percentage reductions of 16%, 98%
and 95% in the coercivity of the ferrites after sintering.

This increase in the Mg value and the reduction in the H¢
value can be attributed to the increase in the particle size after
sintering, which created regions of multidomains, and con-
tributed to a greater number of domain walls. Knowing that
the magnetization/demagnetization caused by domain wall
motion requires less energy than that required by the single
domain rotation; larger particles or grains, which have a
greater number of walls, contribute more easily to the magne-
tization or demagnetization of the ferrite to detriment of pos-
sible rotations of monodomains (Costa et al., 2003; Yan et al.,
2004; Lv et al., 2016; Liu et al., 2017c). So, the larger the par-
ticle size, the lower the coercivity. As reported in the literature
(Ruiz et al., 2013; Houshiar and Jamilpanah, 2018; Caltun
et al., 2001) and previously in this study, the increase in Cu
concentration into the NiZn ferrite favors the increase in par-
ticle size, leading to the origin of multidomains, and conse-
quently to lower values of coercivity. This behavior was
observed for the sintered Nigs.<Zngs.<CurFe,O4 (x = 0;
0.10 and 0.15) ferrites, since the magnetic properties of the
as synthesized ferrites suffered interference from the presence
of segregated phases.

All the ferrites showed low remnant magnetization (Mg),
with values ranging from 1.73 to 2.89 emu/g, and remanence
ratio (Mgr/Mg) from 0.028 to 0.099. When the ratio My/Msg,
also called squareness ratio, presents values around ~0.5 is
indicative of small single-domain, with randomly oriented
assembly of small particles. The lower values, as observed in
the present study, are usually associated with larger particles
and domain-wall formation (Praveena et al., 2015). These
low values is also associated to characteristic of soft magnetic
materials, which easily magnetizes and demagnetizes, present-
ing low residual magnetism (Mg) after removal of the mag-
netic field, that is, that needs some more time to relaxes to
zero filed value. And values of Mr/Mg very close to 0 (zero)
is associated of the superparamagnetic regime of ferrites
(Kumar et al., 2014).

Since the Bohr magneton number (ng) is a measure that is
directly related to the saturation magnetization (Mg), then the
greater the Mg value, the greater the ng value. Therefore, the
highest ng values were achieved for the sintered ferrites, whose
values ranged from 3.05 to 3.65, while the as synthesized fer-
rites showed values from 0.93 to 1.25.

Qinghui et al. (2012) studied the effect of sintering at tem-
peratures ranging from 820 to 970 °C over the magnetic behav-
ior of NiZnCu ferrites, and they observed Mg values between
21 and 30 emu/g. Nam et al. (2003) synthesized the NiZnCu
ferrite by sol-gel method, and they observed a Mg value of

19 emu/g at room temperature. Pozo Lopez et al. (2010) syn-
thesized the NiZn ferrite by the ball milling method, they eval-
uated the grinding time and the sintering process at 1000 °C/1
h, and observed Mg values ranging from 1 to 30 emu/g. Dantas
et al. (2020) reported Mg values ranging from 20 to 37 emu/g
for the NiZn ferrite obtained by combustion reaction method.
Therefore, it can be said that the Mg values achieved in the
present study are in agreement with those reported by other
authors, confirming the efficiency of the pilot-scale combustion
synthesis of the NiZnCu ferrites under study.

3.7. Electromagnetic characterization

Fig. 13 shows the complex permittivity and permeability of
Nig 5.xZng 5xCurFe;04 (x = 0; 0.10 and 0.15) ferrites as syn-
thesized and sintered at 1200 °C/1h in the frequency range of
8.2 to 12.4 GHz (X-band). It can be seen that the sintered fer-
rites showed the highest values of complex permittivity and
permeability when compared with the non-sintered ferrites. It
is also noted that the introduction of Cu®" in NiZn ferrite con-
tributed to a reduction in the real permittivity and permeability
values (&/, w'). According to Fig. 13a, real permittivity (&)
increased slightly with increasing frequency in all samples, with
values ranging from 3.9 to 4.7. All the ferrites exhibited very
low and almost constant imaginary permittivity values (g")
throughout the frequency range. Analyzing Fig. 13b, it is
observed that real and imaginary permeability (1, u”) decrease
with increasing frequency. The real permeability values (p')
ranged from 0.83 to 1.03. The NZC3-12 ferrite was responsible
for the highest value of imaginary permeability (n”) through-
out the X-band, reaching a maximum value of 0.19 at
8.2 GHz and a minimum value of 0.06 at 12.4 GHz. Therefore,
it can be said that the greatest contribution to electromagnetic
loss is due to magnetic loss.

Figs. 14, 15 and 16 show the calculated reflection loss (Ry)
as a function of the composition, material’s thickness, and fre-
quency in the 8.2-12.4 GHz range for all Nigs.4Zngs.
xCurFe,04 (x = 0; 0.10 and 0.15) ferrites as synthesized and
sintered at 1200 °C/1 h. In general, it is observed that the
behavior of the electromagnetic properties of Nig s..Zng s.
xCuyFe,0y ferrites is influenced by both the Cu doping as well
as the sintering heat treatment. Among the as synthesized fer-
rites, the greatest reflectivity was shown by NZC2 ferrite
(Fig. 15a), with a narrow and V-shaped absorption profile,
and Ry of —2.5dB, corresponding to 42% attenuation in the
region of 11.5 GHz for the thickness of 4 mm. NZC3 ferrite
(Fig. 16a) also showed a narrow and V-shaped absorption pro-
file, but with a lower Ry value, around —1 dB (17%) at
11 GHz frequency, also referring to the 4 mm thickness. Along
the other frequencies at the X-band, these NZC2 and NZC3
ferrites showed Ry values ranging from approximately —0.4
to —1 dB and —0.4 to —0.8 dB, respectively. For NZ ferrite
(Fig. 14a), it was observed Ry values ranging from —0.8 to
—1.4 dB over the entire X-band, with the greatest attenuation
for the thickness of 4 and 4.5 mm.

Among the ferrites sintered at 1200 °C/1h, it is observed
that the NZ-12 and NZC2-12 ferrites have similar absorption
profiles, that is, the highest absorptions occurred at low fre-
quencies, around 8.2 GHz, tending to saturate at lower fre-
quencies, below the X-band, and decreasing as the frequency
was increasing until 12.4 GHz. NZ-12 ferrite showed R of



8114 E. Leal et al.
5 1.1
1.0 4
4 0.9
W (a) o 0.8
> = 0.7 - _
S 3 = u', Real u", Imaginary
= ) 0.6 1 NZ  eeeeenn NZ
= o, Real «*, Imaglnary © NZC2 NzC2
£ ’ © 05 - ——NZC3 e NZC3
o 24 :gcz """" Eécz E ——NZ12 e NZ-12
o ——NZC3 e NZC3 o 0.4 ——NZC2-12 e NZC2-12
——NZA2 e NZ-12 o 0.3 ——NZC3-12 e NZC3-12
———NZC2-12  oeee NZC2-12 7
14 = NZC3-12 .ceeeen NZC3-12 0.2
0.1 1
PR 0.0 -
0 1 T T T T
8 9 10 11 12 8 9 10 11 12
Frequency (GHz) Frequency (GHz)

Fig. 13 Complex permittivity (a) and permeability (b) of Nig s5.xZng 5.xCurFe,O4 (x =

sintered at 1200 °C/1 h.

Reflection Loss, R, (dB)

Reflection Loss, R, (dB)

(a) NZ

'
-
1

'
N
1

-3

10 11
Frequency (GHz)

'
N
1

Reflection Loss, R, (dB)
NS

Thickness (mm)
—

—1.5

(b) NZ-12

s 1w 1
Frequency (GHz)

Fig. 14  Reflection loss (Ry) curves versus frequency of the samples: (a) NZ and (b) NZ-12.

Thickness (mm)
—_
—15
—2
—25
—3
—35
—4

4.5
—5
—55
—6

(a) NZC2

8 9

Fig. 15

10 11
Frequency (GHz)

12

0 ___—_______,\/'_'/
= -1 /__"—_’_'\//—”
2

-l
€ -2
@ Thickness (mm)
I3
o —1
-1 -3 —15
c —2
) ——25
8 4 s
‘S —
14 45
-5 1 —5
—55
(b) NZC2-12 —6
'6 T T T T
8 9 10 11 12
Frequency (GHz)

Reflection loss (Ry) curves versus frequency of the samples: (a) NZC2 and (b) NZC2-12.

0; 0.10 and 0.15) ferrites as synthesized and




Structural, textural, morphological, magnetic and electromagnetic study

8115

0.0
8-05-
-
14
") Thickness (mm)
] —
5101 15
c —2
L —25
© —3
2-1.5 —
()
(72 45
—5
(a) NzC3 —ss
-2.0 T T T T
8 9 10 11 12
Frequency (GHz)

O =
_'__A’,r’/’—_—_h__w_’_______——’-‘\\
o -5 Thickness (mm) \/ﬁ_y
i —
- 15
—2
o 107 — 25
] —3
S —35
= —
o -15 45
] —5
8 —55
= 6
& -20 -
(b) NZC3-12
-25 T T T T
8 9 10 11 12
Frequency (GHz)

Fig. 16  Reflection loss (Ry) curves versus frequency of the samples: (a) NZC3 and (b) NZC3-12.

—2.3dB at 8.2 GHz, equivalent to an approximately 38%
attenuation for the thicknesses of 5.5 and 6 mm, and Ry, of
—1.8dB (30%) at 10.3 GHz for the thicknesses of 4.5 and
Smm. NZC2-12 ferrite showed R values close to —4 dB at
8.2 GHz, corresponding to approximately 72% attenuations
for thicknesses of 5 to 6 mm, and Ry of approximately
—3.3dB (69%) at 10.3 GHz for the thicknesses of 4.5 and
Smm. In NZC3-12 ferrite, however, the absorption profile
changes significantly, with the appearance of an intense V-
shaped peak, with Ry value of —22.2 dB, corresponding to
an approximately 99.8% attenuation in the region of
11.5 GHz, for the 4.5 mm thickness, thus guaranteeing its
potential for RAM application. Some studies confirm the
improvement of the electromagnetic absorption properties of
NiZn ferrite in function of the Cu doping (Bueno et al.,
2008; Ruiz et al., 2013; Lima et al., 2008; Pessoa et al., 2013).

Comparing the absorption profiles of the NZC2 and
NZC2-12 ferrites, it is observed that the ferrite after sintering
favored an increase in the reflectivity loss for lower frequen-
cies, that is, the low intensity loss peak (-2.5dB) in around
11.5 GHz that appears for NZC2 ferrite, after sintering
(NZC2-12), pass to extend over the entire frequency range
below 11.5 GHz, reaching the maximum value of —4.0 dB at
8.2 GHz (NZC2-12).

For a better comparison between the reflection losses of the
studied ferrites, the best result of Ry versus frequency of each
ferrite associated to the thickness of best performance was
plotted in Fig. 17. Therefore, it can be said that the best thick-
nesses were between 4 and 4.5 mm, and that the NiZn ferrite
doped with 0.3 mol of Cu and sintered at 1200 °C/1 h, that
is, the NZC3-12 ferrite, responsible for the largest particle size
(376.2 nm), the smallest pore volume (0.006 cm®/g) and the
highest density (5.536 g/cm?), it also confirms its narrowband
electromagnetic absorber characteristic, in the 11.5 GHz fre-
quency band, becoming a promising material for RAM
applications.

It is known that multidomains have a greater capacity to
absorb electromagnetic radiation due to their greater contribu-
tion of domain wall motion, which promotes a greater reso-
nance effect, dissipating energy by means of heat, and
therefore, increasing the reflective property of the material
(Pessoa et al., 2013; Liu et al., 2017b, 2017¢c; Yan et al.,

)
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Fig. 17 Measurements of reflection loss (Ry) versus frequency of

Nig.5.xZng 5.xCusFe 04 (x = 0; 0.10 and 0.15) ferrites as synthe-
sized and sintered at 1200 °C/1 h.

2018). Thus, it was expected that the as synthesized ferrites
presented limited radiation absorption capacity, since nano-
metric particles (< 100 nm) do not contribute to domain struc-
tures, but rather to coherent rotation behavior, which explains
the low magnetization and reflection loss values. Among the as
synthesized ferrites, the smallest attenuations presented by the
NZ and NZC3 ferrites are possibly related to the interference
caused by the presence of the Fe,O; and ZnO segregated
phases, which have weak magnetic characteristic. On the other
hand, the sintered ferrites, that present particle sizes of 190—
376 nm, which suggests the formation of multidomain struc-
tures that promote greater domain wall motion, therefore
allowing a better magnetic characteristic and, also, a better
electromagnetic radiation absorption capacity.

Lima et al. (2008), when studying Nig s.xCu,Zng sFe,O, fer-
rite nanoparticles (0.2 < x > 0.4) synthesized by the precursor
citrate method and sintered at 1100 °C/3 h under argon atmo-
sphere, they observed that the increase in Cu content caused an
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optimization of radiation absorption at high frequencies,
reaching a maximum attenuation of 96.6% at 12 GHz for
the concentration of x = 0.4. Dias et al. (2005), when studying
electromagnetic radiation absorbing materials based on NiZn
ferrite and polyurethane, they achieved 70% attenuation at
12 GHz frequency. Aphesteguy et al. (2009) when studying
the Nio_sZHO_5F€204 and Ni0_35Cu0_15Zn0_5F6204 ferrites syn-
thesized by combustion reaction and sintered at 1000 °C/2 h,
they observed Ry values of —3 dB (50%) at 11.7 GHz, and
—1 dB (17%) across all the X-band frequency range, respec-
tively. The authors attributed the best attenuation of NiZn fer-
rite to its lower coercivity (Hc = 6.6 Oe) when compared to
that of NiCuZn ferrite (Hc = 20 Oe), stating that the low coer-
cive field favors the electromagnetic radiation absorption, con-
sidering that the absorption alters the spin state
(magnetization) and facilitates heat dissipation into the mate-
rial. Comparing these results by Aphesteguy et al. (2009) with
those of the sintered ferrites under study, an inverse behavior
was observed for coercivity, since the introduction of Cu into
NiZn ferrite favored the reduction of coercivity, whose values
were 16.42, 1.02 and 2.75 Oe for the NZ-12, NZC2-12 and
NZC3-12 ferrites, respectively; however, similar behavior was
observed in relation to obtaining the best RL values for the
lowest coercivity values. Liu et al. (2017b) also stated that
materials with high saturation magnetization associated with
low coercivity exhibit strong electromagnetic absorption prop-
erties. These reports corroborate, therefore, the promising
results achieved by NZC3-12 ferrite in the present study, where
structural, textural, morphological and magnetic modifications
promoted by the Cu doping into the NiZn ferrite, together
with the sintering process, led to the improvement of narrow-
band electromagnetic absorption properties.

4. Conclusions

The pilot-scale combustion reaction synthesis was successfully
performed to obtain the different compositions of Nig s.xZng 5.
xCurFe,O4 (x = 0; 0.10 and 0.15) ferrites system. The XRD
patterns confirmed the formation of the spinel cubic structure
as majoritary phase, with the presence of Fe,O3 and/or ZnO as
segregated phases. The obtaining of the cubic spinel structure
in single-phase form was possible after sintering process. The
Cu doping into the NiZn ferrite led to a reduction in the com-
bustion synthesis temperature, and, therefore, a decrease in
crystallite size, crystallinity and lattice parameter. The oxide
compositions confirmed the suggested stoichiometry. The
increase in Cu content, due its ease of interdiffusion into the
NiZn ferrite structure, allowed for an increase in particle size,
a decrease in surface area, a reduction in pore volume and an
increase in density, which in turn are important characteristics
for RAM application. After sintering, a significant increase in
particle size (190.01-376.20 nm) was observed when compared
with the as synthesized ferrites (25.93-28.21 nm), enabling the
formation of multidomains, and contributing to a better mag-
netic characteristic. The introduction of Cu favored the reduc-
tion of saturation magnetization and coercivity. All ferrites
showed a soft ferrimagnetic behavior. The morphological anal-
ysis showed significant changes after sintering and doping with
Cu, starting to present denser grains and with well-defined
polygonal shapes. The best performance of electromagnetic
absorption in the X-band was presented by the sintered ferrite

with 0.3 mol of Cu (NZC3-12), with 99.8% attenuation in the
11.5 GHz frequency, thus confirming its efficiency and great
potential to be applied as a narrowband electromagnetic radi-
ation absorber material.
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