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a b s t r a c t

Ni0.5Zn0.5Fe2O4 nanocrystals were successfully synthesized under different pure hydrothermal conditions
(no organic solvent). The effects of the NaOH content and reaction time on the growth mechanism, as
well as structural, morphological and magnetic properties were investigated. High-resolution electron
microscopy transmission (HRTEM) revealed the formation of the nanocrystals, mainly via oriented
attachment or in addition by a coalescence mechanism depending on the NaOH concentration (3.7
e5.2M). This secondary mechanism was found to give rise to defects in the network and structural
disorder on the surface of the nanocrystals. By extending the reaction time (6e24 h), a morphology
transition from truncated-hexagonal to rounded structures was seen, which evidenced a self-integration
mechanism to achieve the most stable shape. Moreover, preferential exposure of the (111) plane was
observed. Electrochemical measurements using [Fe(CN)6]3e/4e to check the surface status further sup-
ported this statement. This indicated an adsorption effect of the NaOH on the surface of the MNPs
allowing an oriented growth of the nanocrystals. In addition, the blocking temperature (TB) was affected
by different factors (rearrangement of the atoms on the surface or increase of the magnetically-ordered
core) depending on the hydrothermal conditions used.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic nanoparticles (MNPs) are a class of materials
frequently used for the development of the nanotechnology in
recent years [1]. Their versatility, due to their intrinsic magnetic
properties has attracted many researchers worldwide, since it al-
lows MNPs to be applied in many fields of knowledge, such as
nanomedicine [2,3], environmental [4], electronic devices [5],
among others [6]. For these applications, the most-used materials
display a spinel-type structure (STS), which can be described as a
cubic close-packed arrangement of oxygen atoms with spatial
symmetry group O7

h(Fd3m) [7]. The general formula is MFe2O4 or
MO.Fe2O3, where M is a divalent metal with positive charge (Ni2þ,
Mn2þ, Zn2þ, among others). Once the STS presents octahedral and
tetrahedral sites in the unit cell, another representation can also be
used in order to reveal the position of the divalent and trivalent
cations: (A)[B]2O4. The parentheses and brackets indicate the
metals in the tetrahedral or octahedral sites, respectively. This is
useful to predict the magnetic properties of the STS. However, it is
well known that these properties are size- and morphology-
dependent [8]. Therefore, the STS nanocrystal growth has to be
controlled in order to meet the ‘special’ requirements regarding
size distribution, morphology, chemical composition, and crystal-
linity demanded by each application.
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In this context, numerous methodologies including coprecipi-
tation [9], sol-gel [10], microemulsion [11], hydrothermal reaction
[12], flow injection [13], and others, have been developed. Themost
common approach to produce nanoparticles (NPs) is coprecipita-
tion, due to its low cost and ease of scale-up. By using this popular
method, Faivre et al. [14] observed the growth mechanism of
magnetitee an STS of formula Fe3O4 frequently used for biomedical
applications [15] e in aqueous medium through cryogenic HRTEM.
The authors were able to see the rapid agglomeration of disordered
primary NPs growing into larger ones, which indicated a coales-
cence mechanism since there was no preferential crystallographic
orientation. Beyond this finding, it is worth mentioning that the
coprecipitation process involves higher nanocrystal growth rate. As
a consequence, NP size and distribution may not be precisely
controlled [16]. To avoid this limitation, additional solvent-
controlled approaches can be used to study the mechanism of NP
formation. For instance, Niederberger et al. [17] produced Fe3O4
nanocrystals from iron(III) acetylacetonate in benzyl alcohol.
However, Georg et al. [18] have demonstrated that organic side
products are obtained in the mixture during the synthesis through
the solvent-controlled route, which affect the nanocrystal growth
mechanism. So, reliable results regarding this might not be
obtained.

To investigate the formation of NPs, the method to produce the
nanocrystals should allow the regulation of the rate and uniformity
of nucleation, growth and ageing. In this sense, hydrothermal re-
actions need to be considered [19]. One of the successful examples
is the study performed by Hong et al. [20] where the authors
developed a multistep kinetic model in order to explain the growth
of ZnS nanocrystals synthesized under different hydrothermal
conditions. Later, Lin et al. [21] investigated the growth kinetics of
SnO2 NPs and a growth model of self-integration was proposed.
Recently, Wu et al. [22] synthesized hexagonal a-Fe2O3 nanorods
using an simples double ligand-assisted hydrothermal method and
the growth mechanism was elucidated based on the cooperative
action of PO3�

4 and formamide. Given the exposed, it is noticeable
that the hydrothermal treatment is normally used to investigate the
nanocrystal growth of different nanomaterials. However, a report
emphasizing the growth process of MNPs under pure hydrothermal
conditions (no organic solvent) is difficult to find in the literature.
Most of the works combined this methodology with other tech-
niques, such as microemulsion [23], or two-phase interfacial reac-
tion [24], among others, which makes the synthetic process
expensive due to the demand of additional purification steps of the
final product. Taking this context into account, we have investi-
gated the nanocrystal growth of Ni0.5Zn0.5Fe2O4 e a versatile STS
with high saturation magnetization and chemical stability [25] e
synthesized under different pure hydrothermal conditions. The
roles of reaction time and NaOH content were studied and high
resolution transmission electron microscopy (HRTEM) strongly
suggests oriented attachment (OA) [26], an exclusive mechanism to
grow the nanocrystals. However, coalescence can take place under
high NaOH content, which leads to microstructural defects.
Furthermore, superparamagnetic behavior was observed for the
MNPs synthesized.
2. Experimental

2.1. Material and methods

The chemical reagents for this study were glacial acetic acid
(CH3CO2H, Vetec, 99.8%), iron(III) chloride hexahydrate
(FeCl3.6H2O, Dinâmica, 97%), nickel chloride hexahydrate
(NiCl2.6H2O, Vetec, 97%), anhydrous zinc chloride (ZnCl2, Dinâmica,
97%), sodium hydroxide (NaOH, Cin�etica Química, 97%) and po-
tassium ferrocyanide (K4Fe(CN)6, 98.5%), potassium ferricyanide
(K3Fe(CN)6, 99%), potassium chloride (KCl, 99%), all from Vetec. CS
low molecular weight solution (20e300 cP, 1% w/v in 1% acetic
acid). All chemicals were used without further purification.

2.2. Synthesis of Ni0.5Zn0.5Fe2O4 MNPs

The MNPs were synthesized using the coprecipitation method
followed by hydrothermal reaction [7]. Briefly, salt precursors were
dissolved at a molar ratio of 0.5:0.5:2 (1.85mM Ni: 1.85mM Zn:
7.39mM Fe) using distilled water previously acidified using 50 mL of
acetic acid. Under vigorous mechanical stirring, 10mL of NaOH
(3.0e5.2M)was added dropwise into themixture to precipitate the
desired hydroxides. The resultant solution was placed in a Teflon-
lined autoclave in order to perform the hydrothermal reaction for
different times (0.5e24 h) at 250 �C. Afterwards, the product was
cooled naturally, filtered and exhaustively washed with distilled
water and methanol. Finally, the powder was dried in a muffle
furnace at 100 �C for 3 h and stored for characterization. Table 1
shows all the conditions used, as well as the label for each sam-
ple. By analyzing the variation of the parameters, it can be seen that
samples MNP1e4 were synthesized to study the effect of the NaOH
concentration, while samples MNP5 e 7 were obtained to evaluate
the influence of the hydrothermal reaction time.

2.3. Characterization of MNPs

2.3.1. Powder X-ray diffraction (PXRD)
The PXRD analysis was obtained using CuKa (1.54056 Å) from a

Rigaku X-ray powder diffractometer with BraggeBrentano geom-
etry in the angular range of 15e85� (2q). The phase identification
analysis was made by comparing powder diffractograms with
standard patterns from the International Center for Diffraction Data
(ICDD). Rietveld refinement procedures [27] were applied to all
diffraction patterns using DBWTools software, version 2.3 [28].

2.3.2. Fourier transform infrared spectroscopy (FT-IR)
FT-IR spectroscopy was carried out on a PerkineElmer Spec-

trometer in the range 4000e400 cm�1. In recording FT-IR spectra,
the samples were mixed with potassium bromide powder and
pressed into pellets.

2.3.3. 57Fe m€ossbauer spectroscopy
The M€ossbauer spectra were recorded at room temperature

(300 K) using a FAST (ConTec) M€ossbauer System spectrometer
with transmission geometry. A57Co radioactive source was used.
The data analysis was performed using the NORMOS program
written by R. A. Brand (distributed by Wissenschaftliche Elektronik
GmbH, Germany). Isomer shifts (d) are referred as a-Fe at room
temperature.

2.3.4. Magnetization measurements
The magnetic measurements were obtained using a vibrating

sample magnetometer (Cryogenic VSM 5 T system) with a tem-
perature range 5e300 K. The VSM had been previously calibrated
using a pure Ni sphere, and after measuring the mass of each
sample the magnetization was given in emu/g.

2.3.5. Electrochemical measurements
Cyclic voltammetry measurements were carried out with a

Autolab PGSTAT 101 Metrohn-Eco Chemie, controlled by a personal
computer using Nova version 1.11.2 software, and using a conven-
tional three-electrode system, which was composed of a modified



Table 1
Label and set of conditions (NaOH concentration and hydrothermal reaction time)
used to identify and to synthesize each sample.

Samples [NaOH] (mol L�1) time (h)

MNP1 3.0 0.5
MNP2 3.3 0.5
MNP3 4.5 0.5
MNP4 5.2 0.5
MNP5 3.7 6
MNP6 3.7 12
MNP7 3.7 24
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glassy carbon electrode (GCE) (0.071 cm2, BASi) as the working
electrode, a Pt sheet as auxiliary electrode and an Ag(s)/AgCl(s)/
Cl�(aq) (saturated KCl) as reference electrode. All measurements
were performed in a solution of 1.0� 10�3mol L�1 Fe(CN)63�/4�

containing 0.1mol L�1 KCl at different scan rates. The GCE was
carefully polished with 3 mm diamond paste and ultrasonicated in
ethanol and purified water. Prior to the modification, the GCE was
polished with 3 mm diamond paste slurry, rinsed with ultrapure
water, cleaned ultrasonically in ethanol and water alternately for
3min, and then dried with nitrogen. Next, 5 mL of the prepared
MNP suspension (after sonication for 10min) was dropped on the
cleaned GCE surface, and the solvent was allowed to evaporate at a
temperature of 60 �C for 15min. Then, an aliquot (5 mL) of a 0.5% (w/
v) CS solution was added and the GCE/MNP returned to 60 �C for
another 15min. When not in use, the sensor was stored in a
desiccator.

2.3.6. Transmission electron microscopy (TEM)
The TEM images were obtained with a MSC JEOL TEM-

2100 200 kV microscope, equipped with a CCD (TVipe16MP) and
TV (Gatan ES500W) available from LNNano, Campinas, Brazil. TEM
samples were dispersed in isopropyl alcohol and deposited in a
drop onto carbon-coated copper grids. Subsequently, the deposited
samples were allowed to dry completely overnight before
examination.

3. Results and discussion

PXRD patterns for all samples synthesized in this work are
shown in Fig. 1(a). The black dots denote the observed data (Obs),
while the red and blue lines represent the calculated data (Cal) and
the difference (Dif) between the data, i.e. Obse Calc, respectively. It
was possible to see the main diffraction peaks at 30.1�, 35.4�, 43.1�,
53.4�, 57.0�, 62.5�, 74.1� and 89.7� for all samples. Clearly, the
patterns indicate the formation of the spinel structure through
hydrothermal reaction under different conditions. Furthermore,
the fit of the sharp diffraction peaks observed at high angles evi-
dences good crystallinity [29,30]. Broad diffraction peaks were
found for samples MNP1e2, suggesting an amorphous structure.
Since the amount of NaOHwas sufficient stoichiometrically to carry
out the crystallization process, explanations related to that were
discarded. Thus, the amorphous structure may be caused by
interference by chemical species, which might inhibit the forma-
tion of the spinel structure [31]. Moreover, it is worth mentioning
that small NP size could also explain the observed amorphous
behavior [32].

To further investigate the structural features, Rietveld refine-
ment was performed for samples MNP3e7. As a result, parameters
such as average crystallite size (D), microstrain (ε) and network
parameters were obtained. Table 2 summarizes these data, as well
as the weighted profile R-factor (Rwp) and the goodness of fit index

(c2) values, which can be utilized to verify the agreement between
experimental and calculated data. In this regard, it is important to
know that the smallest value that Rwp can reach is the expected R-

factor (Rexp) and that c2 should never drop below one [33], since
this parameter is obtained by using the following relationship:

c2 ¼ Rwp

Rexp
(1)

Therefore, once the refinement process starts, the value of c2

should approach unity so long as the convergence between the data
improves. Given this knowledge, the values for Rwp and c2 dis-
played in Table 2 indicate the goodness of the Rietveld refinement
carried out for MNP3e7. Additionally, similar results can be found
in the literature [34]. So, in the present case, the calculated nano-
crystal structure for these samples can be regarded as satisfactory.
The Rietveld method was not performed for MNP1e2, since an
amorphous nature was observed in the PXRD measurements.

By using the refined data, the crystallite size (D) was firstly
estimated utilizing the Scherrer equation:

DS ¼
kl

b cos q
(2)

where k is the shape coefficient for the reciprocal lattice point, l is
the wavelength of the incident radiation, b is the full width at half-
maximum (FWHM) of the diffraction peak and q is the Bragg angle.
However, it is well known in the literature [35] that the b values for
the observed diffraction peaks can be described assuming different
contributions from instrumental effects, D and microstrain (ε), i.e.

b ¼ binst þ bD þ b
ε

(3)

Therefore, it is apparent that the b value needs to be corrected in
order to obtain accurate values for DS. In this sense, the Rietveld
method helps to eliminate the binst by introducing data in the
model from a standard sample [36]. The additional line broadening
of the diffraction peak due to ε can be eliminated using the
Williamson-Hall (WH) plot, which assumes the b value to be the
sum of bD and b

ε
. In this case, DWH and ε are calculated using the

WH equation [37]:

b

l
cos q ¼ k

DWH
þ 4ε

l
senq (4)

The DS, DWH and ε values obtained are presented in Table 2. For
samples MNP3e4, it was possible to observe an increase in size as a
function of the NaOH concentration. The ε values for the samples
MNP3e4 were 0.212 and 0.276%, respectively. Once this parameter
directly reveals the deformation of the crystal lattice [38], these
results may indicate poor nanocrystals growth under high NaOH
concentration.

The MNP4 heterogeneity can also be checked by analyzing the D
values obtained through different equations. The calculated DS and
DWH values for MNP4 were 18.8 and 49.2 nm, respectively, which
gives a difference (DWH¡DS) of 30.4 nm. This discrepancy is easily
explained by examining the corrections performed to calculate the
D values. In order to estimate DS, the b parameter was firstly cor-
rected to eliminate the contribution from instrumental effects us-
ing a standard sample. However, the b value extracted from
Rietveld refinement neglects the contribution of ε to the width of
the diffraction peaks. Therefore, if ε is large, the D values estimated
through Eq. (2), the so-called Scherrer formula, may provide a
rough approximation. On the other hand, the Williamson-Hall plot
supposes the contribution of D and ε to the width of diffraction
peaks. Thus, upon instrumental correction, the calculated D values
using Eq. (4) may be more accurate. However, it is important to



Fig. 1. (a) PXRD patterns for MNP3e7 taken at room temperature. Observed and calculated data are denoted by unfilled circles and red lines, respectively. The calculated data was
obtained through the Rietveld method and the blue line under each pattern denotes the difference between experimental and calculated data. The patterned columns correspond to
the spinel phase standard number 086e1355 obtained from the Joint Committee on Powder Diffraction Standards (JCPDS). (b) FT-IR spectrum for MNP1e7. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Values of average crystallite size (D), microstrain (ε), network parameter, Rwp and S
for the samples that showed spinel phase.

Samples DS (nm) DWH (nm) ε (%) Network Parameter (Å) Rwp (%) c2

MNP3 15.8 27.9 0.212 8.3901 15.27 1.14
MNP4 18.8 49.2 0.276 8.3881 15.86 1.17
MNP5 13.3 16.8 0.127 8.3805 15.65 1.14
MNP6 15.5 20.3 0.127 8.3843 16.71 1.19
MNP7 15.8 20.0 0.142 8.3805 15.71 1.16
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mention that this is true when the ε parameter is found to be large,
which strongly evidences the structural heterogeneity of the sam-
ple studied. In contrast, if the ε contribution is irrelevant to the peak
broadening, DS and DWH values should be similar. For MNP4, it was
possible to notice the largest difference between the D values
estimated by the Scherrer formula and the Williamson-Hall plot.
So, this indicates a large contribution of ε to the b value, which can
be attributed to the structural heterogeneity of the synthesized
nanocrystal under the highest NaOH concentration. In addition, the
lattice parameters for MNP3e4 were found to be 8.3901 and
8.3881 Å, respectively. The lattice shrinkage may be attributed to
the cationic mobility between the tetrahedral and octahedral sites
in order to decrease ε at the lattice site.

For MNP5e7, the D values obtained through different equations
ranged from 13.3 to 20.0 nm. In this case, the discrepancy between
DS and DWH values are smaller, which indicates a low contribution
of ε to the width of diffraction peaks. This is further supported by
the data in Table 2, since theWilliamson-Hall method gave ε values
of 0.127, 0.127 and 0.142% for MNP5e7, respectively. Furthermore, it
reveals a nanocrystal containing less imperfection and distortion.
Interestingly, the lattice parameters for these samples were found
to have no regular behavior. However, for MNP6e7, a lattice
contraction was observed as the value of ε increased, which is the
same effect noticed for MNP3e4. Therefore, this lattice behavior
seems not to be dependent on the experimental conditions.

Fig.1(b) shows the FT-IR spectra of the samples. According to the
literature [5,39], five normal modes (5T1u) can be observed from
infrared crystal lattice vibration. In the range studied
(4000e400 cm�1), only two modes related to octahedral and
tetrahedral sites can be seen below 700 cm�1. No bands related to
spinel phase were observed for MNP1e2, which evidences an
amorphous nature, in agreement with PXRD data. The presence of
bands at 3500 and 1500 cm�1 can be attributed to the stretch and
bend vibrations of the OeH group, respectively. For both MNP1e2,
a band observed at 592 cm�1 is characteristic of FeeOH stretch [40].
Clearly, these results suggest the presence of intermediate species.
Interestingly, bands related to the CeO and CeH species adsorbed
on the surface of the MNPs were found for both MNP1e2. Also,
bands observed in the range 1500e1300 cm�1 are correlated to
COO� [41]. It was also possible to observe the presence of bands at
2921 and 2855 cm�1. These bands can be attributed to the vibra-
tions of CeH stretch from alkane species, which indicates acetate
ions adsorbed on the surface of MNP1e2. Once these samples had
shown amorphous structure according to the PXRD, it is fair to infer
that the acetate ions on the surface of the MNPs may act as pro-
tecting agents inhibiting the crystallization process. Similar results
were observed by Nagase et al. [42].

For MNP3e7, bands related to the tetrahedral site (symmetry Td)
from spinel phase were clearly found in the range from 576 to
586 cm�1 [43]. Once again, this is in agreement with the PXRD data.
The slight discrepancy between the positions of the bands may be
due to cationic mobility under different experimental conditions
[44]. Another band observed close to 400 cm�1 is assigned to the



Fig. 2. M€ossbauer spectra for MNP3e7. The black points denote the experimental data
and the red line corresponds to the sum of the different sub-spectra represented by
purple, green, blue, yellow, brown and gray lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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‘octahedral’ site (symmetry D3d). Further, bands from OeH stretch
and bend from hydroxyl groups attached to the MNP surface were
seen at 3500 and 1500 cm�1, respectively. However, it is important
to mention that water molecules adsorbed on the surface can also
contribute to these bands [45].

Fig. 2 shows the typical M€ossbauer spectra for MNP3e7 recor-
ded at room temperature. The experimental data points are rep-
resented by the black dots, while the solid red line coincides with
least-square fitting. Solid lines with different colors denote the
adjustment performed. Many sub-spectra (blue, green, yellow, pink
and cyan) were found. Thus, it is possible to infer that iron is located
in sites with different magnetic neighborhoods. A central doublet
peak was observed only for MNP3. This can be attributed to
superparamagnetic behavior arising from collapse of the magnetic
ordering due to small particle size [46,47]. On the other hand, a
paramagnetic doublet can also appear due to interaction between
Fe3þ and non-magnetic Zn2þ ions [48]. For all samples, a single
peak patternwas observed. This V-shaped peak may be assigned to
the reduction of the magneto-crystalline anisotropy or insertion of
zinc in the spinel structure, which reduces the magnetic in-
teractions between sites by decreasing the AeB coupling pairs [49].
In order to obtain a satisfactory fit to describe the ferromagnetic
nature of the samples, a high number of sextet patterns were
required. This can be explained by the variety of cations in the
sample (Zn2þ, Ni2þ and Fe3þ) as well as their preference for site
occupation. It is well known that ZnFe2O4 is a normal spinel
structure in which Zn2þ(diamagnetic) has high preference for
tetrahedral sites [50]. On the other hand, NiFe2O4 is an inverse
spinel structure where Ni2þ (paramagnetic) occupies octahedral
positions [51]. Therefore, the distribution of the diamagnetic (Zn2þ)
and paramagnetic (Ni2þ and Fe3þ) cations leads to different mag-
netic neighborhoods. Since distinct combinations like Fe-O-Fe, Fe-
O-Ni and/or Fe-O-Zn might be found, even considering the pref-
erential occupation of the studied ions. This explains the many sub-
spectra necessary to obtain an acceptable fit model for tetrahedral
A-site and octahedral B-site. Another plausible explanation for the
multi-sextet fit is the presence of canted spins as suggested by Yafet
and Kittel [52].

The hyperfine parameters obtained are showed in Table 3. The
range of isomer shift (d) values found (0.29e0.39mm/s) indicate a
high-spin Fe3þstate [48]. The parameter d is related to the elec-
trostatic interaction between s-electrons with a finite probability to
be found close to the nucleus, as well as the charge distribution
surrounding it. In other words, the change in this parameter can be
interpreted as the difference in the Fe3þeOeFe3þ inter-nuclear
separation, which is normally larger for octahedral B-site ions as
compared to that for tetrahedral A-site ions [53]. Therefore, the
greater overlapping of orbitals of Fe3þ and O2� ions found for the
tetrahedral A-sites will result in a higher covalency and hence
smaller d values. The d values obtained in this work shown no
appreciable changes under different experimental conditions. For
the quadrupole interaction (D), most values were observed in the
range of �0.06 to þ0.06 mm/s. This shows a weak influence of the
experimental conditions on the parameter D. However, a doublet
with D equal to 1.20 mm/s was found only for MNP3. Non-zero D
values denote the presence of an electric field gradient (EFG) arising
from chemical disorder in the spinel structure [54]. Thus, a large
local symmetry reduction in site was observed for MNP3. In addi-
tion to the hyperfine parameters, the hyperfine magnetic field (BHF)
and percentage area can be used to assign the sub-spectrum to a
specific configuration (octahedral B-site or tetrahedral A-site).
Based on these parameters, the assignment for each sub-spectrum
fitted can be seen in Table 3.

The average crystallite size from low-magnification TEM
micrographs (DTEM) was estimated using 100MNPs chosen
randomly. The distribution graphs for MNP3e7 are shown in Fig. 3.
A normal distribution was used to fit the data. The DTEM values
found for MNP3e7 were 16.4± 4.4, 29.5± 6.8, 14.8± 2.9, 14.7± 2.5
and 14.9± 3.9, respectively. These results are in good agreement
with the PXRD data for MNP3 and MNP5e7. For MNP4, the DTEM
value was found to have a relevant discrepancy if compared to the
DS and DWH values (See Table 2). Once the largest ε was observed
for MNP4, the disagreement can be explained by the nanocrystal
imperfections due to the poor growth under high NaOH concen-
tration. TEM observations for MNP3e4 revealed greater DTEM
values with increase in NaOH concentration. In order to explain
this, it is worthmentioning that the literature has reported NaOH to
have a strong adsorption effect capable of slowing down the
dissolution of the NPs, which makes the solution being far from
saturated [20]. Also, the effect mentioned was found to be even
greater under hydrothermal conditions [55]. Therefore, the nano-
crystal growth was considered to occur exclusively via OA [56],
since the Ostwald ripening (OR) mechanism [57e59] is thermo-
dynamically prohibited in an unsaturated solution. The OA mech-
anism is based on the attachment of two crystallographically
oriented NPs to form a larger one. However, the growth rate for the
pure OA-based mechanism seems to increase with increase in the
NaOH concentration, which can be explained by the interaction



Table 3
M€ossbauer parameters for samples MNP3e7.

Samples Sites Hyperfine parameters Area (%)

d (mm/s) D (mm/s) BHF (T)

MNP3 A0 0.29 0.02 46.7 15.0
A1 0.30 �0.02 44.9 11.0
A2 031 0.00 42.6 14.0
B0 0.35 0.00 48.6 5.60
B1 0.34 �0.03 38.5 18.0
B2 0.33 1,20 e 5.60
B3 0.36 e e 30.8

MNP4 A0 0.31 0.02 45.2 18.5
A1 0.30 �0.02 42.9 14.5
B0 0.33 �0.02 40.0 13.0
B1 0.33 0.04 47.3 10.5
B2 0.32 �0.01 35.4 13.7
B3 0.50 e e 29.8

MNP5 A0 0.30 0.00 45.5 14.6
A1 0.33 0.06 44.0 4.8
A2 0.33 �0.01 42.0 14.2
A3 0.34 �0.04 39.8 5.9
B0 0.39 �0.03 34.0 11.5
B1 0.34 0.05 37.7 9.8
B2 0.54 e e 33.3
B3 0.35 0.06 47.7 5.9

MNP6 A0 0.22 e e 35.0
A1 0.29 �0.01 45.2 14.6
B0 0.30 �0.02 42.8 4.8
B1 0.31 �0.02 39.9 11.9
B2 0.32 �0.06 35.9 11.8
B3 0.34 0.00 47.3 11.2

MNP7 A0 0.29 0.03 45.0 17.5
A1 0.32 0.01 42.5 39.8
A2 0.31 0.01 39.8 11.6
B0 0.33 �0.01 35.7 12.0
B1 0.31 0.04 47.3 11.9
B2 0.43 e e 33.4
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between the nucleation (formation of crystallization center) and
the NPs growth processes [60]. The crystal growth is more efficient
at high concentration due to the shift of the equilibrium towards
hydrolysis and condensation reactions. Growth prevails against the
nucleation, which leads to a small number of large particles. As a
result, greater D values can be achieved under the same hydro-
thermal reaction time condition. This explains why the DTEM value
for MNP4 (29.5± 6.8 nm) was higher than that observed for MNP3
(16.4± 4.4 nm). On the other hand, for MNP5e7, the DTEM values
remained statistically equal. Thus, no significant nanocrystal
growth was observed by changing the hydrothermal reaction time
from 6 to 24 h. This indicates that OR is not an important mecha-
nism in growing the nanocrystals [61], since the general equation
considered for these cases according to OR mechanism can be
written as:

Dn � Dn
0 ¼ k$ðt � t0Þ (5)

where D and D0 are the average crystallite size at time t and t0,
respectively, k is a temperature-dependent material constant, and n
is an exponent relevant to the mechanism. By analyzing Eq. (5), it is
easy to see a directly proportional relationship between D and t.
Once DTEM values were found to not increase over time, an irrele-
vant contribution of the OR mechanism to the nanocrystal growth
is evidenced. Also, this demonstrates a strong NaOH adsorption
effect on the surface of the MNPs, which was able to hinder the OR
mechanism over different time periods (6, 12 and 24 h).
The morphological evaluation was also carried out based on
high-magnification TEM images. Square-like structures can be seen
in Fig. 4(a) and (b) for MNP3 and MNP4, respectively. In order to
explain this result, it is important to highlight that nanocrystal
shape is governed mainly by different relative plane growth rates.
Generally, for a face-center cubic (fcc), such as the spinel phase, the
square-like structure is observed when the crystal growth rate
along the <111> is faster than the <100> directions [62]. To further
support this, the interplanar spacing observed for MNP3 in
Fig. S1(a) was measured to be 0.46 nm for both nanocrystals. Ac-
cording to the literature [63], this value can be assigned to the (111)
plane of the spinel structure. Therefore, NaOH adsorption effect on
the surface of the MNPs caused a preferential decrease in the
effective interfacial free energy of the mentioned plane increasing
the growth rate. However, the increase of the NaOH concentration
did not affect the morphology, since square-like structures can still
be observed for both MNP3 and MNP4 in Fig. 4(a) and (b),
respectively. This indicates that the preferential adsorption effect is
independent of NaOH content under hydrothermal conditions. In
addition, these samples possessed a surface roughness pattern,
which appeared to be higher for MNP4. This evidences the for-
mation of the MNPs through primary-NP aggregation (Fig. 4(c)),
which points to a secondary coalescence mechanism under high
NaOH content. Fig. 4(d), which fits part of Fig. 4(c), displays the
nanocrystals growing through two kinds of mechanisms. This is
clearly observed in the Fig. S1. Interestingly, MNP3 and MNP4 dis-
played the greater ε values according to the PXRD data. Therefore,
the coalescence mechanism may give rise to the imperfections of
the crystal lattice, since there is no crystallographic preference for
the attachment [64].

Fig. 5(a),(c) and (d), present HRTEM images for MNP5e7,
respectively. Unlike MNP3 and MNP4, truncated/regular hexago-
nal- and/or quasi-spherical structures were observed. MNPs with
irregular geometry, smooth edges and round shape might evidence
a nanocrystal growth via both OA and OR mechanisms [20]. How-
ever, the contribution of the OR mechanism was not significant,
since DTEM values for MNP5e7 (14.8± 2.9, 14.7± 2.5 and 14.9± 3.9,
respectively) were found to not increase by extending the hydro-
thermal reaction time. Therefore, the nanocrystal growth was
considered to occur exclusively via an OA mechanism. In order to
provide evidence for this assumption, a detailed analysis of Fig. 5(a)
was carried out, resulting in Fig. 5(b). Clearly, an attachment of
small MNPs to a larger one via common crystallographic orienta-
tion can be seen for MNP5, which directly evidences the nano-
crystal growth through an OA mechanism. Furthermore, a
nanocrystal having irregular shape and abrupt edges could also be
observed. This further suggests OA as the growth mechanism [65].
For MNP6 and MNP7, a mixture of morphologies was observed.
Fig. 5(c) shows the HRTEM image of MNP6. Besides regular
hexagonal-like structures, it reveals nanocrystals with round shape
and smooth edges. Similar results were observed for MNP7
(Fig. 5(d)), although the number of round-shaped nanocrystals
seems to be higher. Thus, after being hydrothermally treated for
24 h at 250 �C, the nanocrystal may change from square to quasi-
spherical shape. Given that no growth was observed for MNP5e7,
this indicates a rearrangement of the atoms in an attempt to ther-
modynamically optimize the shape, which additionally supports
the nanocrystal growth via an OA mechanism. To explain the
observed results for these MNPs, a multistep growth process needs
to be adopted. In this context, Lin et al. [21] proposed a model of
self-integration during the OA process. In this proposal, the nano-
crystal has to undergo three states (A, B and C) to achieve the most
stable morphology. States A and B basically denote the combination
of two MNPs through common crystallographic orientation, while
an atomic mobility is assumed in state C to recrystallize the
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nanocrystal into a round shape. The self-integration effect fromA to
B is considered to be rapid. Therefore, the visualization of the
conjugation of two nanocrystals (state A) is hardly observed, but
Fig. 5(b) clearly shows a typical image attributed to state B for
MNP5. The rate of self-integration from state B to C is size-
dependent. As a consequence, the nanocrystals with different D
values may give rise a mixture of distinct shapes when observed
after the same period of time. This was observed in Fig. 5(c) and (d)
for MNP6 and MNP7, respectively. However, MNP7 displayed a
larger number of round-shaped nanocrystals, which indicates self-
recrystallization (State C).

In addition to the TEM observations already mentioned, no
surface roughness pattern was found for MNP5e7 in Fig. 5(a),(c)
and (d), respectively. Therefore, absence of the coalescence mech-
anism to grow the nanocrystal was observed. This reveals a
dependence of the coalescence mechanism on NaOH content.
Further, it additionally supports the growth of the MNP5e7
exclusively via an OA mechanism. Given this, the surface structure
properties of these MNPs were studied in detail by cyclic voltam-
metry, since the exposed plane has a great influence on the elec-
trochemical performance of the redox-based electrode materials
[66]. The electrochemical evaluation was carried out using
[Fe(CN)6]3e/4e to verify the surface status of the modified electrode
[67]. The electrochemical behavior of [Fe(CN)6]3e/4e is shown in
Fig. 6. MNP5/GCE exhibits a pair of redox peaks with the anodic
peak potential (Epa) at 0.266 V and the cathodic peak potential (Epc)
at 0.191 V. For MNP6/GCE, the Epa and Epc were found to be at 0.270
and 0.207 V, respectively. Analogously, MNP7/GCE presented the
Epa at 0.268 V and Epc at 0.195 V. Therefore, the peak-to-peak sep-
aration (DEp) values for MNP5e7/GCE were 0.074, 0.063 and
0.073 V, respectively, which indicates a similar electrochemical
performance of theMNPs-modified electrodes. Moreover, the cyclic
voltammograms of MNP5e7/GCE reveal well-defined symmetric
peaks even at different scan rates (y); meanwhile, Ipa and Ipc
together increase as the square root of the scan rate increases from
10 to 150mV s�1 (see Supporting Information). The peak currents
vary linearly with v1/2, whose linear regression equations are
Ipc (A)¼�3.01� 10�6 þ 3.17 � 10�6v1/2 (R¼ 0.9947, n¼ 6) for
MNP5/GCE. For MNP6/GCE, MNP7/GCE and GCE the equations are:
Ipc (A)¼�2.44� 10�6 þ 3.13 � 10�6v1/2 (R¼ 0.9821, n¼ 6),
Ipc (A)¼�2.99� 10�6 þ 2.87 � 10�6v1/2 (R¼ 0.9962, n¼ 6), and
Ipc (A)¼�7.93� 10�7 þ 1.82 � 10�6v1/2 (R¼ 0.9997, n¼ 6) respec-
tively. In order to further deepen the study, the electroactive sur-
face area was calculated according to the Randles-Sevcik equation
[68] displayed below:

Ip¼ 2.69� 105 A D1/2 n3/2 v1/2 C (6)

where A is the electrode area, D is the diffusion coefficient (at 25 �C,
D¼ 7.60� 10�6 cm2 s�1), n is the number of electrons transferred in
the redox reaction (n¼ 1), C is the concentration of the reactant
(1mM Fe(CN)63�/4e), Ip refers to the redox peak current and v is the
scan rate of the cyclic voltammetrymeasurement. Ipcv�1/2 indicated
that the modified electrodes possess a larger electro-active surface
area compared to that of the bare glassy carbon electrode
(2.45� 10�3± 1.54� 10�4 cm2). The values obtained through Eq.
(6) were 4.27� 10�3±7.91� 10�4 cm2,
4.22� 10�3±3.65� 10�4 cm2 and 3.39� 10�3±7.26� 10�4 cm2 for
MNP5e7/GCE, respectively. Statistically, the electroactive area
remained similar. However, it is possible to observe that the
Fig. 3. Low-resolution TEM micrographs and average crystallite size distribution of the
MNPs. The distribution graph was created using 100MNPs chosen randomly and the
data was fitted using a normal distribution.



Fig. 4. HRTEM images of (a) MNP3 and (b) MNP4. The arrows point to primary NPs used to grow the nanocrystals through coalescence. A further HRTEM micrograph for MNP3 (c)
showing dotted lines indicates nanocrystals growing via different mechanisms. Illustration (d) presents the crystal fringes of the different nanocrystals involved in the OA and
coalescence growth mechanism.
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electroactive area for the modified electrode was 1.61 times higher
than the bare GCE. Taken together, the electrochemical results
clearly suggest a similar behavior of the MNP-modified electrodes,
which reveals MNP5e7 to have characteristic active surface struc-
ture. This further supports the exposure of the (111) plane on the
MNPs surface as observed in Fig. 4(c).

Fig. 7(a) shows the magnetization measurements at room
temperature for MNP3e7. As can be seen in Fig. 7(b), negligible
hysteresis was observed. This evidences a superparamagnetic na-
ture [69]. Interestingly, the M€ossbauer spectroscopy showed a
ferromagnetic behavior. This difference is due to the relaxation
time of theMNPs (tMNP) as well as the measurement time (tm) [47].
Usually, the measurement times for VSM and M€ossbauer spec-
troscopy are 100 and 1� 10�8 s, respectively. For magnetization
measurements performed in this work, the tm was much larger
than tMNP . Thus, the MNPs had enough time to reach thermody-
namic equilibrium and the superparamagnetic behavior can be
observed. In this case, tm is smaller than tMNP for the M€ossbauer
spectroscopy and the relaxation process is very slow compared to
the measurement time. An ordered magnetic system could be
achieved and the MNPs were in the so-called blocked regime.
Therefore, the ferromagnetic nature was revealed.

The superparamagnetic loops found for the samples at 300 K
were well described using the Langevin function (see Supporting
Information),

M
M0

¼ coth
�
mH
kBT

�
� kBT
mH

(7)
where m is the magnetic moment, H is the external magnetic field,
T is the temperature, and kB is the Boltzmann constant. The average
crystallite size can be easily correlated with the magnetic proper-
ties of the MNPs using this function [7,47,70,71]. Thus, the average
crystallite size obtained via Langevin fit (DL) for MNP3e7 were 13.1,
14.4, 10.7, 14.6 and 12.1 nm, respectively. Moreover, parameters
such as saturation magnetization (MS) can also be obtained from
the performed fit. The values found for this parameter were 43.0,
41.2, 44.6, 23.5 and 44.1 emu/g for MNP3e7, respectively. For
MNP3e4, a slight decrease of the MS (MSðDÞ ¼ �1:8 emu=g¼ )
values was observed. On the other hand, random behavior of MS
values was observed for MNP5e7. Themagnetic properties of MNPs
can be correlated with several factors, such as composition, D and
surface effects, among others. In this case, the composition is the
same for all the MNPs studied. Therefore, the factors with strongest
effect should be the D and surface effects. No matter the technique
used, D was found to increase along with an increase in NaOH
concentration. Thus,MS should be expected to increase. However, a
decrease was observed for MS values for MNP3e4. This highly in-
dicates a strong influence from surface effects. According to the
literature [72], the use of NaOH as a precipitant agent can lead to a
higher degree of surface disorder compared to alkanolamine bases.
Thus, the decrease of MS may be explained by an increase in the
magnitude of the uncompensated spins on the surface. For
MNP5e7, D remained similar, but a decrease ofMS value was found
for MNP6. Again, the surface effects were playing essential role in
the magnetic properties of this sample.

In an attempt to explain the magnetic properties of the MNPs, a
core-shell model can be adopted [73]. In this case, a core composed



Fig. 5. HRTEM images of (a) MNP5, (b) highlighted MNP5 nanocrystals evidencing the nanocrystal growth through an OA mechanism, (c) MNP6 and (d) MNP7. The red square in (a)
denotes the highlighted area of MNP5 in (b). The circles display the different morphologies observed. Truncated and regular hexagonal-like structures are indicated by white and
blue circles, respectively, while rounded-shape structures are highlighted by orange circles. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 6. Cyclic voltammetry of different electrodes in a solution of 1.0� 10�3 Fe(CN)63�/

4� and 0.1mol L�1 KCl at a scan rate of 10mVs�1.
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of ordered spins would interact with a magnetically disordered
shell (‘dead’ layer). Thus, the surface effects could strongly influ-
ence the magnetic properties of the MNPs. The thickness (t) of the
‘dead’ layer can be achieved using the following expression,

MSðDÞ ¼ MBulk
S

�
1� 6t

D

�
(8)

whereMSðDÞ is the magnetization saturation related to D andMBulk
S

is the magnetization saturation for the bulk. Assuming DTEM and
MBulk

S equal to 86 emu/g [74], the t values were 1.30, 2.56, 1.18, 1.78
and 1.20 nm for MNP3e7, respectively. These values perfectly
explain the change of observed MS values. For MNP3e4, the in-
crease of t displayed a strong effect on MS, which may be related to
the coalescence mechanism observed under high NaOH concen-
tration, since no crystallographic orientation is required for the
nanocrystal growth. On the other hand, t values for MNP5e7 were
found to follow a random behavior with the hydrothermal reaction
time. This might be related to the shape transition observed
through HRTEM images.

Additionally, it is well known that the superparamagnetic
behavior observed is strongly related to the critical diameter (DC)
considering a spherical particle model [75]. MNPs with D smaller
than DC exhibit superparamagnetic relaxation. In contrast, MNPs
with D larger than DC display ferromagnetic behavior. According to
the literature [76], the DC value for Ni-Zn ferrite is 21.62 nm. Thus, a
blocked regime should be expected for MNP4, since D values were
found to be larger than DC assuming DWH or DTEM. Interestingly,
MNP3e7 displayed superparamagnetic character according to the
VSM data. This strongly suggests that the DL or DS values should be
the more accurate parameters to evaluate the MNP regime. The
probable reason for this can be found in fundamental concepts
about the techniques employed to calculate D values. DS considers
only the crystalline portion of the MNPs. Therefore, the calculated
size should be close to that of the magnetically ordered core. DWH
can be affected by defects on the surface, which cause a large de-
viation, as observed for MNP4. DTEM exhibited some difference
compared to DS due to consideration of both crystalline and
amorphous portion. DL was very precise in evaluating the MNPs
regime. The Langevin function considers an ideal systemwhere the



Fig. 7. VSM measurement at room temperature for MNP3e7. (a) Magnetic hysteresis loops and (b) a detailed view of the hysteresis. The inset in the Fig. 7(a) presents a zoom of the
magnetic curves for MNP3-7. Specifically, the magnetization data is displayed for values higher than 30 emu/g.
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MNPs are non-interacting and spherical [47]. Once HRTEM micro-
graphs for MNP5e7 presented a shape transition from truncated
hexagonal-like to quasi-spherical structures, some deviation
should be expected. Surprisingly, the parameters obtained using
the Langevin fit were found to be in good agreement.

The zero field-cooled (ZFC)/field-cooled (FC) curves at an
applied field of 500 kOe for MNP3e7 are shown in Fig. 8. From
these experiments, it is possible to find the blocking temperature
(TB). The temperature found can be correlated to the MNP charac-
teristics by the Stoner�Wohlfarth relation [47],

TB ¼ Keff V0

25KB
(9)

where Keff is the average value of themagnetic anisotropy constant,
V0 is volume of the MNP and KB is Boltzmann's constant. Clearly, a
broad distribution of the ZFC curve for each sample can be seen and
Fig. 8. ZFC/FC measurements for MNP3e
the maximum could be denoted as the blocking temperature (TB).
However, it is important to remember the wide profile found for
the ZFC curve can be understood as a distribution of different TB
values for various NP crystallite sizes. Therefore, the maximum
observed denotes a mean. In this sense, a better way to represent
this parameter is Tm

B . For the samples synthesized in this work, the
values found for TmB were 105, 121, 103, 137 and 153 K for MNP3e7,
respectively. From Eq. (6), these values can be correlated with MNP
characteristics. Thus, it is possible to see that an increase both in
NaOH concentration and in hydrothermal reaction time led to
larger values of Tm

B . Although the effect seems to be similar, the
source for the two set of samples may be different. For MNP3e4, an
increase in crystallite size was observed by increasing the NaOH
concentration. Thus, the TmB values found for these samples can be
easily explained by the increase in V0. In contrast, a similar crys-
tallite size was achieved for MNP5e7, which indicates a negligible
contribution of V0. In this way, Keff should make a large
7 using an applied field of 500 kOe.
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contribution to the increase of Tm
B with hydrothermal reaction time.

This can be related to the shape transition observed in the HRTEM
images for MNP5e7 (see Fig. 5(a), (c) and (d)). The change of
morphology would increase Keff leading to higher values of TmB .
Additionally, thermomagnetic irreversibility for each sample was
observed from the temperature where the ZFC and FC curves su-
perimpose. According to the literature [44], this behavior is char-
acteristic of the superparamagnetic regime of the NPs synthesized,
as well as spin-glass-like states.

4. Conclusion

The growth of Ni0.5Zn0.5Fe2O4 nanocrystals, as well as their
structural, morphological and magnetic properties has been suc-
cessfully investigated under different pure hydrothermal condi-
tions. The role of NaOH content and reaction time was studied.
MNPs grew exclusively through an OA mechanism in alkaline
aqueous solution. However, a secondary coalescence mechanism
acts under strongly alkaline conditions, which leads to lattice de-
formations and an increase of the spin-disordered surface layer,
affecting themagnetic properties. Furthermore, NaOHwas found to
have a very strong adsorption effect capable of hindering the OR
mechanism and preferentially exposing the (111) plane on the
surface of the nanocrystals. HRTEM images and electrochemical
measurements confirmed the exposure of this plane. By extending
the reaction time, a morphology transition in order to achieve the
most stable shape was observed. MNPs were found to change from
truncated-hexagonal to rounded structures after 24 h, which can be
explained by a self-integration mechanism. Furthermore, TB
appeared to be affected by different structural factors. Under high
NaOH content conditions, the size of the magnetically-ordered core
was found to have a predominant effect on TB values. However,
surface effects played an essential role increasing the reaction time,
which may be associated with a rearrangement of the atoms on the
surface of the MNPs due to the morphology transition.
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