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and P. C. Morais2,3
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This study reports on the synthesis and characterization of cobalt ferrite (CoFe2O4)
nanoparticles (NPs) synthesized by chemical co-precipitation in alkaline medium at
increasing temperatures in the range of 27 ◦C to 100 ◦C. High-quality samples in the
size range of 5 to 10 nm were produced using very low stirring speed (250 rpm) and
moderate alkaline aqueous solution concentration (4.8 mol/L). Three samples were
synthesized and characterized by x–ray diffraction (XRD) and room-temperature (RT)
magnetization measurements. All samples present superparamagnetic (SPM) behav-
ior at RT and Rietveld refinements confirm the inverse cubic spinel structure (space
group Fd-3m (227)) with minor detectable impurity phase. As the synthesis temper-
ature increases, structural parameters such as lattice constant and grain size change
monotonically from 8.385 to 8.383 Å and from 5.8 to 7.4 nm, respectively. Likewise, as
the synthesis temperature increases the NPs’ magnetic moment and saturation magne-
tization increases monotonically from 2.6×103 to 16×103 µB and from 37 to 66 emu/g,
respectively. The RT magnetization (M) versus applied field (H) curves were analyzed
by the first-order Langevin function averaged out by a lognormal distribution function
of magnetic moments. The excellent curve-fitting of the M versus H data is credited to
a reduced particle-particle interaction due to both the SPM behavior and the existence
of a surface amorphous shell layer (dead layer), the latter reducing systematically as the
synthesis temperature increases. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5006321

INTRODUCTION

Cobalt ferrite (CoFe2O4) nanoparticles (NPs) have attracted continuous interest over the last
past decades due to many applications this nanomaterial has been connected with, to name a few
magneto-optical devices,1 contrast agent for MRI,2 drug delivery systems,3 spintronics,4 and magne-
tohyperthermia.5 Reduced dimensionality of cobalt ferrite NPs shows differences in properties when
compared to its bulk counterpart.6–8 Moreover, size modulation of the physicochemical properties
of cobalt ferrite is a typical response in the nanosized regime, allowing for material engineering
in order to meet different requirements while addressing applications.9 In addition to size and size
dispersity,10 materials engineering regarding core-shell design,11 shape,12 crystallinity,13,14 surface
decoration15 and hybrid derivatives16 opens up a wide variety of opportunities for basic studies as
well as for development and innovation. Despite different synthesis routes of cobalt ferrite NPs
already reported in the literature optimization of morphology and physicochemical properties is still

aclever.stein@ifro.edu.br

2158-3226/2018/8(5)/056303/6 8, 056303-1 © Author(s) 2017

 

 

 

 

 

 

https://doi.org/10.1063/1.5006321
https://doi.org/10.1063/1.5006321
https://doi.org/10.1063/1.5006321
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5006321
mailto:clever.stein@ifro.edu.br
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5006321&domain=pdf&date_stamp=2017-12-07


056303-2 Stein et al. AIP Advances 8, 056303 (2018)

far from being exhausted.17–19 In this study, we report on the synthesis, structural characterization and
magnetic properties of cobalt ferrite NPs realized in different temperatures. Differently from a previ-
ous study,20 we succeeded in fabricating high-quality CoFe2O4 NPs with modulating size in the range
of 5 to 10 nm by reducing the stirring speed of the reaction medium by a factor of 40 while increasing
the concentration of the added base only about thrice, thus representing a remarkable improvement
for prospecting future up-scaling production.

EXPERIMENTAL

Co-precipitation in alkaline medium was used as the synthetic route to fabricate the CoFe2O4

NPs.21–24 In addition to be cost-effective this method of synthesis usually provides NPs with rel-
ative narrow size distribution.25,26 Hydrochloric acidic (HCl) aqueous solutions (0.01 mol×L-1)
containing Fe3+ and Co2+ ions prepared from hexahydrate chloride salts were mixed in stoichio-
metric 2:1 (Fe3+:Co2+) molar ratio under stirring (250 rpm) for 20 minutes, at different temperatures
(30, 50, and 95 ◦C). Next, 50 mL of sodium hydroxide (NaOH) aqueous solution (4.8 mol×L-1),
pre-heated at the same temperature, was added into the reaction medium while keeping the same
stirring speed (250 rpm) and temperature (30, 50, and 95 ◦C) for extra 30 minutes. The repeated
synthesis protocol produced three different samples, namely CO30, CO50, and CO95. After syn-
thesis, each product was naturally cooled down to room temperature and separated by magnetic
decantation. The supernatant was disregarded and precipitate washed with water several times. The
resulting slurries were dried at 40 ◦C in order to carry on structural and magnetic characteriza-
tion. X-ray diffraction (XRD) was used to characterize the as-synthesized samples while providing
estimative of the crystallite size. XRD data of all samples were recorded in a Shimadzu model
XRD 6000 system using the Cu Kα (λ = 1.5418 Å) line scanning in the range of 2θ = 10 – 80◦

at 2 degrees/minute. The average size of crystallite domains (Dhkl) (see Table II) was calcu-
lated using the Scherrer formula.27 A SQUID MPMS 3 system (Quantum Design, San Diego
California - USA) was used to collect the room-temperature hysteresis cycles in the range of
±60 kOe.

RESULTS AND DISCUSSIONS

Lattice parameters and crystallite sizes have been assessed from the XRD data by means of
the Rietveld refinement method using the DBWS 9411 program.28 Figure 1 shows the XRD data of
all prepared samples while crystallographic parameters obtained from the Rietveld refinement are
collected in Table I. As criteria for quality of the Rietveld refinement the differential spectra are
shown below each XRD spectra (see Fig. 1). Refinement of the XRD patterns show formation of
a major spinel structure phase (CoFe2O4) with space group symmetry Fd-3m(227) (JCPDS card
no. 22-1086), accompanied by metallic iron as impurity. Structures in the differential spectrum
shown in Fig. 1 account for the iron impurity, not exceeding Rexp = 10% in all samples, which
is typically found in the literature for chemical co-precipitation route.29 Our analyses show that
cobalt and iron ions occupy the 8a and 16d Wyckoff positions at (0.5, 0.5, 0.5) and (0.125, 0.125,
0.125), respectively. Oxygen ions occupy the 32e Wyckoff position, with positional parameter x
shown in the last column of Table I30,31 The data collected in Table I clearly show the systematic
evolution of all crystalline parameters of the as-synthesized samples toward the standard values of
bulk cobalt ferrite, as the synthesis temperature increases from 30 to 95 oC. This finding reveals the
improvement on the crystalline quality of the as-synthesized samples as the synthesis temperature
increases in the range of 27 to 100 oC, with positive impact on the magnetic properties as it will be
discussed below.

The room-temperature magnetization (M) versus applied field (H) is shown in Fig. 2, where
symbols are experimental data and solid lines represent the best curve-fitting according to Eqs. (1)
and (2). Data presented in Fig. 2 show no room-temperature remanence or coercivity, thus indi-
cating the superparamagnetic behavior of all synthesized CoFe2O4 NPs. Therefore, the first-order
Langevin function (L), averaged out by the lognormal distribution function (f ) of particle’s magnetic
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FIG. 1. Rietveld refinement of the x-ray powder diffraction pattern of samples CO30, CO50, and CO95. Rp, Rwp and Rexp
stand for profile residual, weighted profile factor and profile expected, respectively. Differential spectrum is shown below each
spectrum.

moment (µ), was used to fit the magnetization data and extract relevant parameters:

M(H, T )=Ms

∫ µ+

µ−

µL

(
µH
kBT

)
f (µ)dµ, (1)

where MS is the sample’s saturation magnetization, kB the Boltzmann constant, and T the absolute
temperature. The lognormal distribution function reads:
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,

N
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√

2π
+
-

exp


−



ln2 (µ/µ0)

2σ2
µ






, (2)

where N is the number of particles per cm3, µ0 is the average magnetic moment, and σµ is the
magnetic moment dispersity. In order to allow easy convergence while fitting the magnetization
data values of µ- and µ+ in Eq. (1) were set in the range 0<µ<∞. Table II collects the parameters
extracted from fitting the experimental data shown in Fig. 2. Worth mentioning that MS increases
systematically as the synthesis temperature increases in the range of 27 to 100 oC, following the
crystallite size trends extracted from the analysis of the XRD data (see Table II). Actually, enhance-
ment of the saturation magnetization (and average magnetic moment) is due to the increase of the
average crystallite size plus improvement in crystallinity, both working to strengthen the long-
range magnetic ordering. Moreover, Table II also shows a systematic reduction of the magnetic
moment dispersity as the synthesis temperature increases, likely due the narrowing of the particle size

TABLE I. Lattice parameter (a), unit cell volume (V ), x-ray mass density (ρXRD), and oxygen positional parameter (x).
The last line collects the bulk ferrite cobalt data from JCPDS card no. 22-1086.

Samples a (Å) V (Å3) ρXRD (g/cm3) x (Å)

CO30 8.358±0.004 583.86±0.03 6.06±0.05 0.791±0.002
CO50 8.365±0.002 585.33±0.02 6.03±0.03 0.831±0.002
CO95 8.383±0.002 589.11±0.02 6.01±0.03 0.868±0.002
JCPDS card no. 22-1086 8.3919 590.99 5.274 0.925
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FIG. 2. Room-temperature magnetization data (symbols) of three samples (CO30, CO50, and CO95) and the corresponding
curve fitting (solid lines) using a model picture based on the first-order Langevin function (Eq. (1)) averaged out with a
lognormal distribution of magnetic moments (Eq. (2)).

distribution plus improvement in crystallinity, the latter impacting in reducing the thickness of the
so-called surface dead layer. Regardless the simplicity of the model picture represented by Eqs. (1)
and (2) while fitting the experimental data shown in Fig. 2 (symbols), with no particle-particle
interaction included in the model, a high-quality fitting was indeed achieved (solid lines in Fig. 2).
Dipolar interaction among neighboring nanoparticles is expected to take place and thus should influ-
ence the magnetic behavior. However, in Eq. (1) the first-order Langevin function is averaged out
by the distribution of magnetic moment (µ) and therefore particle-particle interaction, if in place,
would be accounted for by the magnetic moment parameters (µ0 and σµ). Actually, within the model
picture herein applied for the analysis of magnetization µ0 should be understood as the effective
magnetic moment. From the viewpoint of nanomagnetic materials’ characterization and their appli-
cations the approach described by Eqs. (1) and (2) is very much interesting as it provides reliable
parameters (µ0 and σµ) coming out from excellent curve fittings. This is indeed a very impor-
tant point as it allows for instance the establishment of reliable protocols for calibrating magnetic
properties of nanosized particles, which is extremely important in the emerging field of magnetic
nanothermometry.32

Figure 3 shows the average magnetic moment (µ0) versus the third power of the crystallite size
(Dhkl)3, the former extracted from the fitting of the magnetization data whereas the latter obtained
from the Rietveld refinement of the XRD data (see Table II), representing two independent and quite
different experimental techniques. Impressively, the linear dependence revealed in Fig. 3 with the
two parameters scaling as µ0 ∼Mp

s D3
hkl. This means the nanoparticle’s magnetization density (Mp

s )
is constant, suggesting a core-shell model for all synthesized NPs (CO30, CO50, and CO95), with
a crystalline core and an amorphous shell (dead layer), the first responding for the value of Mp

s .
Considering the saturation magnetization of the NP’s core matching with the bulk cobalt ferrite value

TABLE II. Crystallite size (Dhkl) extracted from the Rietveld refinement (Fig. 1) and average magnetic moment (µ0), magnetic
moment dispersity (σµ ), and saturation magnetization (MS) extracted from the M versus H fitting (Fig. 2).

Sample Dhkl (nm) µ0 (103 µB) σµ MS (emu/g)

CO30 5.8±0.7 2.6±0.9 0.37±0.07 37±2
CO50 6.1±0.5 11±2 0.31±0.05 60±2
CO95 7.4±0.2 16±1 0.24±0.02 66±2
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FIG. 3. Nanoparticle average magnetic moment versus third power of the crystallite size (solid squares are estimated values
and the solid line is a linear fitting). The inset shows the reduction of the surface amorphous layer (dead layer) thickness in a
core-shell-like structure (solid circles are estimated values and the dashed line is guide to the eyes).

(MB = 80.8 emu/g at 300 K) the thickness (t = (Dp-Dhkl)/2) of the dead layer can be estimated (assum-
ing homogeneous mass density and stoichiometry) for spherically-shaped NPs, with the physical size
(Dp) equals to: Dp = Dhkl(MB/MS)1/3. The inset of Fig. 3 shows the estimated thickness (symbols)
of the dead layer as the crystallite size (Dhkl) increases while increasing the co-precipitation syn-
thesis temperature. The systematic reduction of the dead layer thickness results in improvement of
the crystalline and magnetic characteristics of the as-synthesized NPs, as quoted in Tables I and II
Importantly, the presence of the dead layer plus the room-temperature superparamagnetic behavior
may account for the reduced particle-particle interaction, thus shining some light on the excellent
curve-fitting (solid lines) of the data presented in Fig. 2 while using Eqs. (1) and (2).

CONCLUSIONS

In this study cobalt ferrite nanoparticles were synthesized by co-precipitation in alkaline medium
at increasing temperatures in the range of 27 oC to 100 oC. Three prepared samples were structurally
and magnetically characterized using x-ray diffraction (XRD) and room-temperature hysteresis cycle.
Rietveld refinement of the XRD data showed that all produced samples were single-phased with diam-
eters in the nanosized range and below 10 nm. The first-order Langevin function averaged out by the
lognormal distribution function of magnetic moments provided excellent fitting of the magnetiza-
tion versus magnetic field data. This approach resulted in high-quality fitting of magnetization data
while allowing extract reliable average magnetic moment and magnetic moment dispersity values.
The high-quality of the magnetization data may be of great help in establishing a robust calibration
approach for magnetic nanothermometry. The co-precipitation protocol herein employed used very
low stirring speed compensated by increasing the concentration of the sodium hydroxide solution in
order to fabricate cobalt ferrite nanoparticles in the range of 5 to 10 nm in average size, revealing the
potentiality of the approach for up-scaling production. Indeed, the model picture used to understand
the experimental data is expected to contribute for the modulation of the morphological and magnetic
properties of ferrite cobalt nanoparticles via core crystalline size and core shell size/shell thickness
layer ratio.
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