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a b s t r a c t

The evolution of structural and magnetic properties of Zn0.5Ni0.5Fe2O4/SiO2 nanocomposites with the
ferrite content embedded in the SiO2 matrix and the annealing temperature was investigated. The results
showed the increase of crystallite size (2.7e57.4 nm), saturation magnetization (0.36e82.4 emu/g),
remanence magnetization (0.06e15.4 emu/g) and the decrease of specific pore volume (0.183
e0.010 cm3/g) and specific surface area (�0.5e247 m2/g) with the increase of Zn0.5Ni0.5Fe2O4 content
embedded in the SiO2 matrix and the annealing temperature. The SiO2 matrix exhibits diamagnetic
behavior with a small ferromagnetic fraction, Zn0.5Ni0.5Fe2O4 embedded in SiO2 matrix presents
superparamagnetic-like behavior, while bulk Zn0.5Ni0.5Fe2O4 a high-quality ferromagnetic type behavior.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Crystalline spinel ferrites with the general formula MFe2O4,
where M is a divalent metal ion such as Fe2þ, Mg2þ, Ni2þ, Co2þ,
Mn2þ are ferrimagnetic materials with special structure and elec-
trical, magnetic and dielectric properties [1]. The high surface area-
to-volume ratio, surface chemistry and morphology, along with the
high density of imperfections in the nanocrystalline structure make
ferrites attractive materials for various technological applications
[2]. Generally, the ferrite properties are very sensitive to chemical
composition, microstructure, cation distribution, preparation con-
ditions, applied thermal treatment, dopant type and amount [1,3].
The structural and microstructural characteristics of ferrites (par-
ticle size and cation distribution among tetrahedral and octahedral
sites of the spinel lattice) are strongly dependent on the
preparation method [4]. Also, the spinel ferrites composition in-
fluences the structural phase heterogeneity and physical properties
[2]. The doping of spinel ferrites with various transitional metals
improves their electrical and magnetic properties, while their
embedding in SiO2 matrix allows a better control of the particle size
by preventing their agglomeration [1]. Furthermore, combined
with thermal treatment at high temperatures, it favors the forma-
tion of nanoscale single-phase spinel structures with enhanced
magnetic properties [5].

A considerable number of synthesis methods for spinel ferrites,
such as sol-gel method, ball-milling, co-precipitation, hydrother-
mal precipitation, spray pyrolysis, citrate precursor, auto-
combustion, solid state reaction, microwave assisted hydrother-
mal or solid state reaction, mechanical alloying, micro-emulsion,
sonochemical, reactive or high energy ball milling, pulsed wire
discharge and reverse micelle were reported in the literature
[6e11]. The main disadvantages of these synthesis methods are the
complexity, high reaction temperature, long reaction time, use of
toxic chemicals and the difficulty to control the process due to the
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formation of unwanted phases [2,7,9,10,13]. During the ball-milling
process, the powdered materials suffer collisions with the grinding
media, leading to a homogeneous mixture and allowing a good
control over the particles size [2,8,10,11]. The plasma arc discharge
technique is also a very simple, inexpensive and flexible route for
preparation of nanocrystalline materials [4]. The sol-gel method
allows outstanding control over the composition, size and homo-
geneity of the nanoparticles [2,12].

NieZn soft magnetic ferrite is one of the most important
ferromagnetic ceramic materials due to the low coercivity (Hc) and
eddy current loses, but high electrical permeability, resistivity,
mechanical hardness, surface area, Curie temperature and chemical
stability. These properties allow their use for the development of
new applications or devices in medicine, electronics, ceramics,
sensors, catalysis, water purification or refrigeration [1,4,13,14].

Our previous studies revealed the structural, morphological and
magnetic properties of CoxFe3-xO4 [15], NixCo1-xFe2O4 [16] and
ZnxCo1-xFe2O4 [17] embedded in SiO2matrix, synthesized by sol-gel
method followed by annealing at different temperatures. This pa-
per presents the effect of Zn0.5Ni0.5Fe2O4 content embedded in SiO2
matrix and of annealing temperature on the structure (crystallite
size, crystallinity), surface (specific surface area and porosity),
morphology (particle shape and size) and magnetic properties
(saturation and remanent magnetization, coercivity) of Ni0.5Zn0.5-
Fe2O4/SiO2 nanocomposites (NCs).

2. Materials and methods

Analytical grade chemicals were used without further purifica-
tion. The sol-gel method was used for the synthesis of dZn0.5Ni0.5-
Fe2O4/(100-d)SiO2 (d ¼ 10, 25, 50, 75, 100%) NCs. Zinc nitrate
(Zn(NO3)2 6H2O), nickel nitrate (Ni(NO3)2 6H2O) and iron nitrate
(Fe(NO3)3 9H2O) were dissolved in 1,4-butanediol in a molar ratio
of 0.5:0.5:2:8. An ethanolic solution of tetraethyl orthosilicate
(TEOS) was added drop-wise to this mixture, under continuous
stirring, using a NO3

�:TEOS molar ratio of 0:2 (d ¼ 0%), 0.5:1.5
(d ¼ 25%), 1:1 (d ¼ 50%), 1.5:0.5 (d ¼ 75%) and 2:0 (d ¼ 100%). The
resulted sols were acidulated to pH ¼ 2 using nitric acid and
exposed to open air for slow gelation. The gels were grinded and
dried at 40 �C for 5 h, heated in an oven at 200 �C for 5 h, and then
annealed at 400, 700 and 1000 �C for 5 h.

The phase transformations during thermal decomposition were
investigated by thermogravimetry (TG) and differential thermal
analysis (DTA) using an Q600 SDT (TA Instruments) simultaneous
thermal analyzer, in air up to 1000 �C, at 10 �C/min and alumina
standards. The formation and decomposition of functional groups
was studied by Spectrum BX II (Perkin Elmer) Fourier-transform
infrared spectrometer (FT-IR) on KBr pellets containing 1% (w/w)
sample. The X-ray diffraction patterns were recorded at room
temperature, using a D8 Advance (Bruker) diffractometer, oper-
ating at 40 kV and 40 mA with CuKa radiation (l ¼ 1.54060 Å). The
nanoparticles shape and clustering were studied on samples
deposited from suspension onto carbon film coated copper grids
using a HD-2700 (Hitachi) scanning transmission electron micro-
scope (TEM) equipped with digital image recording system and
photographic film image with high resolution scanner. Specific
surface area (SSA) was obtained using the BET model from N2
adsorption-desorption isotherms recorded at �196 �C by a Sorp-
tomatic 1990 (Thermo Fisher Scientific) instrument. The pore size
distribution was calculated from the desorption branch of the
isotherm using the Dollimore Heal model. Before determination,
the samples were degassed for 4 h at 150 �C and 2 Pa pressure, in
order to remove the physisorbed impurities from the surface. No
pressure variation was observed during 1 h at the end of the
degassing process. The magnetic measurements were performed
using a cryogen-free vibrating-sample magnetometer (Cryogenic
Limited). The hysteresis loops were recorded in magnetic fields
between�2 and 2 T, at room temperature, while the magnetization
versus magnetic field measurements were performed to find the
saturation magnetization (MS) up to 5 T, on samples embedded in
epoxy resin to prevent the nanoparticle movement.

3. Results and discussion

3.1. Thermal analysis

The TG-DTA diagrams of gels heated at 40 �C are shown in Fig. 1.
In case of gel d ¼ 0%, that does not contain nitrates, a weak endo-
thermic effect at 59 �C attributed to the loss of structural water
from TEOS and an exothermic effect at 299 �C attributed to the
decomposition of the diol are observed [18]. In case of gels d ¼ 25,
50, 75%, the total mass loss increases from 47 to 65% with the in-
crease of the ferrite content. The endothermic peak at 70e89 �C is
attributed to crystallization water loss from the nitrates and SiO2
matrix. The exothermic effects attributed to the formation and
decomposition of metal succinates slightly shifts from 145 to 178 �C
and from 270 to 295 �C, with the decrease of SiO2 contents. The
splitting tendency of the exothermic peak in the range of
280e300 �C for gel d ¼ 75%, could be explained by the decompo-
sition of metal succinates into ferrites at close temperatures [19].
The DTA diagram of gel d ¼ 100%, shows five thermal effects and a
total mass loss of 68%, attributed to crystallization water loss from
nitrates (81 �C), formation of metal-succinate precursors (140 �C,
176 �C) and precursors decomposition with ferrite formation
(261 �C, 298 �C). The presence of SiO2 matrix that undergoes
various transformations during the thermal process makes more
difficult the delimitation of the processes attributed to the forma-
tion and decomposition of succinates.

3.2. FT-IR analysis

The FT-IR spectra of samples heated at 40 and 200 �C are shown
in Fig. 2. Except for sample d ¼ 0 that does not contain nitrates, the
spectra of samples dried at 40 �C shows the presence of a band at
1387 cm�1, characteristic to nitrates. This band does not appear in
the spectra of samples heated at 200 �C indicating the full
decomposition of nitrates up to this temperature [15,18]. In all
samples heated both at 40 and 200 �C, except for bulk ferrite
(d ¼ 100%), the presence of SiO2 matrix is indicated by the specific
bands for vibration of SieO bond (435e454 cm�1) and of SieOeSi
structures (577e580, 792e829, 1046-1068 cm�1) [15,20,21]. The
bands around 3400-3200 cm�1 are attributed to OeH stretching
and intermolecular hydrogen bonds in 1,4-butanediol (40 �C) and
succinate precursor (200 �C) [6,18]. The band at 1680-1667 cm�1 in
samples heated at 40 �C is attributed to vibrations of OeH from 1,4-
butanediol and adsorbedmolecular water, while the bands at 2956-
2943 and 2887-2874 cm�1 to the asymmetric and symmetric
stretching vibration of the CeH bond in diols [18].

In samples with d ¼ 25e100% heated to 200 �C, the presence of
the band at 1677-1611 cm�1 attributed to vibration of C]O in COO�

groups confirms formation of a chelated complex by the coordi-
nation of carboxylate groups by metal ions [16].

Fig. 3 shows the FT-IR spectra and XRD patterns of NCs annealed
at 400, 700 and 1000 �C. In the FT-IR spectra of d ¼ 25, 50 and 75%
NCs, the presence of the SiO2 matrix is confirmed by the symmetric
and asymmetric vibrations of SiO4 tetrahedron at 804-792 cm�1,
the SieOeSi stretching vibrations at 1108-1064 cm�1 and the SieO
bond vibration at 475-447 cm�1. At low annealing temperature
(400 �C) the vibration of SieOH bonds situated around 955 cm�1

and the shoulder at 1237-1233 cm�1 attributed to the stretching



Fig. 1. TG and DTA diagrams of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d samples heated at 40 �C.

Fig. 2. FT-IR spectra of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d samples heated at 40 and 200 �C.
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vibration of SieOeSi bonds, also appeared [15e18]. These bands are
missing in the bulk Zn0.5Ni0.5Fe2O4 (d ¼ 100%) where only the
presence of the bands around 580 cm�1 attributed to ZneO and
NieO vibration, and around 410 cm�1 attributed to FeeO bonds
vibration are observed [15e17].
3.3. Structural analysis

At all temperatures, for d ¼ 0%, the formation of the halo in the
range 2q ¼ 16e28� corresponds to the amorphous SiO2 (Fig. 3). A
similar behavior was observed for the NCs with high SiO2 matrix
content (d ¼ 25%) annealed at 400 �C, while at 700 �C, the lines of
Ni0.5Zn0.5Fe2O4 appear. The diffraction peaks of other crystalline
phases are not evidenced, which confirms the formation of single-
phase cubic spinel structure with space group Fd3m in agreement
with JCPDS card no. 52e0278 [20]. The prominent (h k l) planes
indexed by (111), (220), (311), (222), (400), (442), (511) and (440)
are in excellent agreement with diffraction planes of Ni0.5Zn0.5-
Fe2O4 (Fig. 3). For NCs with high ferrite content (d ¼ 50 and 75%),
the single-phase poorly crystalized Zn0.5Ni0.5Fe2O4 appears at
400 �C, the intensity of diffraction lines and degree of crystallinity
reaching the maximum at 1000 �C. The intensity of diffraction lines
increases at high annealing temperatures, due to the higher degree
of crystallinity and low effects of inert surface layer of the crystals
[12e14]. For bulk Zn0.5Ni0.5Fe2O4 (d ¼ 100%), the single-crystalline
phase is already crystallized at 400 �C resulting in higher crystallite
sizes compared to those of NCs with low ferrite content embedded
in the SiO2 matrix. There is no indication of any impurities or
unreacted Fe-, Ni- and Zn-oxides, the broadening of diffraction
peaks being attributed to ultrafine Zn0.5Ni0.5Fe2O4 particles present
in the samples [12]. The (311) plane as the strongest reflection is
indicative for the spinel phase [21]. Furthermore, the intensity of
main diffraction peak of cubic spinel ferrite at (311) plane was
considered as a measure of the degree of crystallinity [22]. The
average crystallite sizes (DXRD) were calculated from the full-width
at half-maximum (FWHM) of diffraction peaks using the Debye
Scherrer’s equation (Table 1) [15e18]. The crystallite size increases
with increasing annealing temperature and ferrite content
embedded in the SiO2 matrix. The variation of crystallite size may
be due to peak broadening because of the lattice strains, thermal
and instrumental effects [6]. Therefore, the highest value of crys-
tallite size was obtained for bulk NieZn ferrite, which may lead to



Fig. 3. FT-IR spectra and XRD patterns of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs annealed at 400, 700 and 1000 �C.
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the assumption that the SiO2 matrix contributes to crystallite size
decrease. High SiO2 content and low annealing temperature leads
to highly amorphous content. However, it should be taken into
account that not all the amorphous phases generate diffraction
halos due to the lack of a significant local order. The area under the
amorphous halo and the total area of the diffraction peaks corre-
sponding to the crystalline phases were used to investigate the
evolution of amorphous SiO2 and crystalline Zn0.5Ni0.5Fe2O4



Table 1
Average crystallites size (DXRD, nm), particle size (DTEM, nm) and specific surface area (SSA, m2/g) for (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs annealed at 400, 700 and 1000 �C.

d (%) DXRD DTEM SSA

400 �C 700 �C 1000 �C 400 �C 700 �C 1000 �C 400 �C 700 �C 1000 �C
0 0 0 0 0 0 0 393 221 �0.5
25 0 3.0 18.2 1 3 19 365 e �0.5
50 2.7 7.0 22.7 3 8 23 260 165 �0.5
75 4.4 11.2 30.3 5 13 31 247 18 �0.5
100 14.3 28.8 57.4 15 30 60 29 6 �0.5
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phases. At all annealing temperatures, it was considered 100% SiO2
when only this phase was identified, when the amorphous halo is
lacking.

The relative proportion of amorphous SiO2 and crystalline
Zn0.5Ni0.5Fe2O4 phases are presented in Fig. 4. For d ¼ 25e75%, the
sum of crystalline and amorphous (SiO2) phases is lower than 100%,
leading to the assumption that there are still unidentified amor-
phous phases. The relative proportion of the amorphous (SiO2)
phase decreases (Fig. 4a), while the relative proportion of crystal-
line phases increases (Fig. 4b) with increasing annealing tempera-
ture. Thus, for d ¼ 0 and 25%, the content of the amorphous phase
decreases markedly at high annealing temperatures. After reaching
the equilibrium between the crystalline and amorphous phases
(d ¼ 50%) a slower decrease of the amorphous and increase of
crystalline phase is observed.
3.4. Surface analysis

The N2 adsorption-desorption isotherms of (Zn0.5Ni0.5Fe2O4)d
(SiO2)100-d (d ¼ 0, 25, 50, 75, 100%) NCs annealed at 400 and 700 �C
(Fig. 5) gives information about the porous structure of NCs. The
shape of isotherms is preserved during the annealing at 400 and
700 �C, indicating that the porous structure is stable upon
annealing up to 700 �C and collapse only at higher temperatures.
The isotherms of the NCs annealed at 1000 �C were not recorded
due to the collapse of the porous structure during annealing at high
temperature.

As a result, the specific surface area (SSA) of these NCs was
below the detection limit (0.5 m2/g). All recorded isotherms are of
type IV, typical for mesoporous materials [23]. For d ¼ 0, 25, 50 and
75% NCs a H4 type hysteresis loop on the desorption branch is
observed. This type of hysteresis is usually associated with narrow
Fig. 4. Relative proportion of amorphous SiO2 (a) and Zn0.5Ni0.5Fe2
slit-like pores. The H4 type hysteresis loop and the form of the
isotherm at low pressures (similar with type I isotherm), indicate
the presence of narrow pores situated in the low region of meso-
pores. This information is confirmed by the pore size distribution
calculated with Dollimore Heal model, which show that for all
materials which contain SiO2 matrix (d ¼ 0, 25, 50 and 75%), the
medium porosity is given by the matrix, all pores being lower than
6 nm. The H1 type hysteresis loop observed on the desorption
branch of the isotherm for bulk Zn0.5Ni0.5Fe2O4 (d ¼ 100%) indicate
the existence of agglomerates of spherical particles. The average
specific pore volume ranges from 0.1829 to 0.022 cm3/g at 400 �C
and from 0.077 to 0.010 cm3/g at 700 �C. The highest SSA calculated
using BET model (Table 1) is obtained for SiO2 matrix (d ¼ 0%) and
the lowest for bulk Zn0.5Ni0.5Fe2O4 (d ¼ 100%) in accordance with
the previous studies [24,25]. For NCs annealed at the same tem-
perature, the SSA decreases with the increasing Zn0.5Ni0.5Fe2O4
content embedded in the SiO2 matrix, due to the large difference
between the total SSA of the matrix and of the ferrite. For the same
NC, the SSA decreases with the increase of annealing temperature.
The highest decrease of SSA with temperature is observed for
d¼ 75% NC, for which more than 90% of the SSA is lost by annealing
at 700 �C compared to the NC annealed at 400 �C. A possible
explanation could be the high content of ZneNi ferrite in this NC,
which has low SSA and amuch lower stability of porous structure at
increased temperatures, compared to SiO2 matrix.
3.5. TEM analysis

Fig. 6 shows the distribution, shape and size of Zn0.5Ni0.5Fe2O4
nanoparticles embedded in SiO2 matrix for d ¼ 25e100% NCs
annealed at 400, 700 and 1000 �C. The TEM images of SiO2 matrix
(d ¼ 0%) consist in a dark area, without any possibility to identify
O4 crystalline phases (b) for (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs.



Fig. 5. N2 adsorption-desorption isotherms and pore size distribution of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs annealed at 400 and 700 �C.
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Fig. 6. TEM images of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs (d ¼ 25e100%) NCs annealed at 400, 700 and 1000 �C.
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the matrix network. At 400 �C, the TEM images of d ¼ 25% NC are
blurry, with low contrast due to the small sized insufficiently
crystallized Zn0.5Ni0.5Fe2O4 particles (~1 nm). For d ¼ 50e100% NCs
an increase of spherical particles diameter with the increase of
ferrite content embedded in the SiO2 matrix and the increase of
annealing temperature is observed. The particle morphology and
grain boundaries can affect the ferrites characteristics [26]. The
particle size increases with the ferrite content from 1 to 15 nm
(400 �C), 3e30 nm (700 �C) and 19e60 nm (1000 �C) (Fig. 6,
Table 1). Oppositely to the other NCs, for bulk Zn0.5Ni0.5Fe2O4
(d ¼ 100%) much higher particle sizes are observed. For the same
ferrite content, the particles size increases with the increase of the
annealing temperature, due to the formation of crystalline clusters
as a result of the higher crystal growth rate, following the volume
expansion and reduction of system supersaturation, at high tem-
peratures. This behavior suggests that the nanocrystallite size is
influenced by the annealing temperature [15e17]. When the
nucleation rate is higher than the growth rate, small and homo-
genously distributed particles are obtained, while at the high
annealing temperatures, the particle size increases due to coales-
cence [16].

Crystallite sizes estimated from XRD are consistent with the
particle sizes evaluated from TEM. The low differences between the
results obtained by XRD and TEM could be explained by the
interference of amorphous SiO2 and large-size nanoparticles that
give important contribution to the diffraction patterns, as they
contain a large fraction of the total number of atoms [16].

3.6. VSM properties

Fig. 7 shows the magnetic hysteresis loops, the saturation
magnetization (MS), remanent magnetization (MR) and coercive



Fig. 7. Magnetic hysteresis loop of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs (d ¼ 0e100%) annealed at 400, 700 and 1000 �C.
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Fig. 8. Magnetization derivative of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs (d ¼ 75%) annealed at 400, 700 and 1000 �C (a) and (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d NCs (d ¼ 25, 50 and 100%)
annealed at 1000 �C (b).
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field (HC) values, while Fig. 8 shows the magnetization derivatives
(dM/d(m0H)) of (Zn0.5Ni0.5Fe2O4)d (SiO2)100-d (d ¼ 0, 25, 50, 75, 100)
NCs annealed at 400, 700 and 1000 �C. The SiO2 matrix (d ¼ 0%)
annealed at 400 �C has a diamagnetic behavior, while after
annealing at higher temperatures (700 and 1000 �C) shows a
diamagnetic behavior at high magnetic fields and ferromagnetic
behavior in the region of low magnetic fields. A similar behavior
exhibits the samplewith d¼ 25% annealed at 400 �C. The fraction of
the ferromagnetic phase in the d ¼ 25% NC increases with
increasing annealing temperature, and the ferromagnetic behavior
became dominant when the annealing temperature is higher than
400 �C. For d ¼ 50e75% NCs, a significant increase of MS and MR

appears with increasing annealing temperature, resulting in a
superparamagnetic behavior. For the bulk Zn0.5Ni0.5Fe2O4
(d ¼ 100%), the MS substantially increases, in comparison with the
ferrites embedded in SiO2 matrix (d ¼ 25e75%), at all annealing
temperatures, while theMR is nearly constant for the NCs annealed
at 400, 700 and 1000 �C, presenting a ferromagnetic behavior. The
superparamagnetic behavior of these nanoparticles results from
their extremely low crystallite sizes which have low anisotropy
energy allowing an easy thermal activation [14]. In the case of bulk
Zn0.5Ni0.5Fe2O4 (d ¼ 100%), for all annealing temperatures, typical
hysteresis loops for room temperature ferromagnetism were ob-
tained. This behavior is a consequence of the larger crystallite sizes,
as found from XRD and TEM investigations. Generally, the increase
of annealing temperature improves the magnetic parameters (MS

and MR) of the NCs, due to enhancement of the Zn0.5Ni0.5Fe2O4

crystallinity, increase of interatomic distances, occurrence of va-
cancies, reduction of the coordination number.

The MS values obtained in this study are rather different from
the previously reported data [1,3,6,7,12,26]. The low MS values of
NCs annealed at low temperatures could be explained by the low
crystallinity degree, occurrence of vacancies, interatomic spacing
and low coordination number. They are also the consequence of
lattice defects which results in a weak magnetic super-exchange
interaction between A and B sites [16,17]. Another contribution to
the MS comes from the spin disorder on the surface of the nano-
particles [14]. The magnetization process occurs by domain wall
motion and bymagnetic moment rotation. The former requires less
energy than the latter [7]. When Zn is introduced in the ferrite, the
sizes of the grains grow and as a consequence the number of
magnetic domains increases and the role of the wall movement
becomemore important than that of the domain rotation [7].When
the grain sizes are at nanoscale, the surface energy highly increases
and it can change the typical occupancy of the cation’s sites [26].
The variation of the surface energy results mainly from the differ-
ence between the exchange energy of the ions from the surface and
of the ions from the cores of the particles [26]. The change of cation
occupancy increases the number of anti-site defects which will
determine the change of magnetization [26]. In large size grains, a
large number of magnetic domain walls will form and the domain
wall motion will become dominant over the domain rotation
contribution to magnetization. This process is also enhanced by the
decrease of the magnetocrystalline anisotropy [1].

The HC has relatively low values ranging between 0.009 and
0.02 T, the largest value belonging to bulk Zn0.5Ni0.5Fe2O4
(d¼ 100%). The sharp peak curves of magnetization derivative (dM/
d(m0H)) vs. applied magnetic field (Fig. 8) are typical for high
magnetic purity phases, while the broad peaks indicate a wide
distribution of particle sizes. For d ¼ 25e100% NCs, these curves
show sharp peaks suggesting the presence of a magnetic pure
phase; however, some depreciation in the purity of the magnetic
phase is observed for the NCs annealed at 400 �C.

Several nano-crystalline oxides such as CeO2, Al2O3, ZnO, In2O3,
SnO2 [27], MgO [28] were found to have magnetic properties, while
they have diamagnetic behavior in bulk samples. Usually, the
measuredMS of these oxides is quite small, around 10�3 emu/g, but
in the case of 170 nm thin MgO films, the MS reaches 1.58 emu/g
[28]. Such a behavior was presumed to have its origin in the ex-
change interactions between localized electron spin moments
resulting from the oxygen vacancies on the nanoparticle surfaces
[27,28]. This scenario could be valid also for our nano-sized SiO2
matrix, if we assume that the defects in the form of vacancies are
the source of the ferromagnetic behavior. However, the magneti-
zation (0.36 emu/g) of the d ¼ 0% NC annealed at 1000 �C is rather
high to be caused only by this exchange interactions. Another
scenario could be the accidental contamination of the nano-
powders during handling [29]. As it can be seen, at high magnetic
fields the diamagnetic behavior began to be dominant for these
samples. The epoxy resin contribution to MS of our NCs is marginal
since it has a diamagnetic susceptibility of �0.009 emu/(g∙T). For
the bulk ferrite the saturation magnetization has high values
(54.2e82.4 emu/g for the NCs annealed at 400 and 1000 �C
respectively) making the magnetic contribution of the SiO2 matrix
to be insignificant. Thus, we could say that the SiO2 coating of the
nanoparticles, enhances the surface spin disorder effects, resulting
in a lower fraction of active magnetic atoms, that further leads to
the reduction of the saturation magnetization.



T. Dippong et al. / Journal of Alloys and Compounds 828 (2020) 15440910
4. Conclusions

In this paper, dZn0.5Ni0.5Fe2O4/(100-d)SiO2 NCs with d ¼ 0, 25,
50, 75 and 100% were prepared by sol-gel method, followed by
annealing at 400, 700 and 1000 �C. According to XRD, amorphous
SiO2matrix in case of d¼ 0% and cubic spinel Zn0.5Ni0.5Fe2O4 in case
of d ¼ 25e100% were obtained. In all cases, the proportion of the
crystalline Zn0.5Ni0.5Fe2O4 phase increases, with increasing
annealing temperature. For NCs (d¼ 25e75%), the crystallite size of
Zn0.5Ni0.5Fe2O4 increases with increasing ferrite content embedded
in the SiO2 matrix. The bulk Zn0.5Ni0.5Fe2O4 (d ¼ 100%) starts to
crystallize around 400 �C and have larger particle size than the
ferrites embedded in SiO2 matrix. In each case, the crystallite size
significantly increases with increasing annealing temperature. The
SSA (from 393 to 29 m2/g at 400 �C and from 221 to 6 m2/g at
700 �C) and specific pore volume (from 0.183 to 0.010 cm3/g) de-
creases with increasing ferrite content and annealing temperature
(at 1000 �C being lower than 0.5 m2/g). The HC has low values,
ranging between 0.009 and 0.02 T. The MS and MR improve with
increasing ferrite content embedded in SiO2 and with increasing
annealing temperature. For the bulk Zn0.5Ni0.5Fe2O4, the MR stabi-
lizes around 15.3 emu/g. As expected, bulk Zn0.5Ni0.5Fe2O4
(d¼ 100%) is ferromagnetic, the SiO2 matrix (d¼ 0%) is diamagnetic
with a small ferromagnetic fraction, while the Zn0.5Ni0.5Fe2O4
embedded in SiO2 is superparamagnetic.
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