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Featured Application: Metallic nanoparticles with a high value of magnetization have potential
interest for application in biomedicine, catalysis, composite permanent magnets, and other fields.

Abstract: Cobalt ferrite nanoparticles of different stoichiometries synthesized by a sol–gel autocom-
bustion method were used as a starting material to obtain high-moment Fe50Co50 and Fe66Co34

metal nanoparticles by topochemical hydrogen reduction. Structural and magnetic investigations
confirmed the formation of FeCo nanoparticles with crystallite sizes of about 30 nm and magnetiza-
tion at 0.5 T of ~265 Am2/kg (0 K), which was larger than the expected bulk value, likely because of
the incorporation in the body-centered cubic (bcc) FeCo structure of the residual C atoms present on
the surface of the oxide particles. Temperature-dependent magnetization measurements in the H2

atmosphere were also performed to investigate in detail the reduction mechanism and the effect of an
external magnetic field on the process efficiency.

Keywords: magnetic nanoparticles; metal nanoparticles; hydrogen reduction; magnetic materials

1. Introduction

High-magnetic-moment nanoparticles (MNPs), such as metallic Fe, Co, α′ ′-Fe16N2,
and FeCo(Ni) binary alloys, have been the subject of intense research activity, owing to
their potential applications in many different fields [1–8] exploiting their high saturation
magnetization (MS) which exceed by a factor of two or more the typical values of oxide
materials (e.g., Fe3O4 and CoFe2O4) [5]. A high magnetic moment is strongly desired
for theranostic applications, as it leads to (1) a more efficient manipulation of magnetic
particles by an external magnetic field and (2) higher contrast in magnetic particle or mag-
netic resonance imaging and more efficient heat generation in hyperthermia treatments [9].
However, different from oxide materials, metallic nanoparticles can be toxic, owing to their
strong reactivity with oxygen, and they must be covered with a biocompatible shell, such
as carbon [9–11], SiO2 [12], or Au [13]. On the other hand, in a non-oxidizing environment,
the chemical activity of zero-valent metallic particles can be exploited to catalyze specific
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reactions. For example, the catalytic activity of Fe and Co is crucially important in hydrocar-
bon synthesis in the Fischer–Tropsch process [14], and the use of nanoparticles with a high
surface-to-volume ratio enhances the rate of this reaction [4]. Additionally, in combination
with magnetically hard materials, soft MNPs with a high magnetic moment can be used
as building blocks of rare-earth-free nanostructured permanent magnets which match
or surpass the performance of current permanent magnets containing critical rare-earth
elements [15,16]. Within this framework, Granados-Miralles et al. recently showed that it is
possible to regulate the degree of reduction of cobalt ferrite MNPs to optimize the magnetic
coupling with FeCo phases as a novel approach toward permanent magnets [17].

Among the family members, the Fe100-xCox intermetallic alloys show a distinctive
combination of a high Curie temperature, low magneto-crystalline anisotropy, and high
saturation magnetization, which reaches a maximum value of 240 Am2/kg in the Fe65Co35
alloy [18–20]. Despite these interesting properties, FeCo particles are unstable in air and
relatively difficult to synthesize with respect to magnetic oxide materials [21]. Several
techniques have been proposed to synthesize pure FeCo alloy nanoparticles, including
physical vapor nanoparticle deposition [13,22], methane chemical vapor deposition [9,10],
and polyol methods [23,24]. However, it is still challenging to find a large-scale, efficient,
and low-cost method for their fabrication. A promising strategy, which was already
applied to synthesize high-moment and air-stable α-Fe MNPs [25], implies the use of
oxide-based MNPs and their reduction in the H2 atmosphere. Despite this method, referred
to as hydrogen reduction, being widely used to produce bulk metals due to its industrial
importance in metallurgy [26], its implementation in nanoparticle synthesis is more difficult,
owing to the higher cost of the parent nanoparticle materials and the increase in particle
size at high temperatures [4,25]. In this regard, a bigger effort may be put forth to develop
an easy and scalable way to synthesize oxide precursors with high-quality nanocrystallites
to preserve the nanoscale features before undergoing reduction [27,28]. Moreover, to
make the process more efficient, different strategies have been proposed, such as the
use of hydrogen at high pressure [29] or the application of a magnetic field during the
reaction [30,31]. The latter was demonstrated to be highly efficient in terms of reduction
of the processing temperature. However, the effect of an external magnetic field on the
topochemical reduction process is still under discussion, and further studies are necessary
to better disclose and control the process.

In this work, high-moment Fe50Co50 and Fe66Co34 MNPs were synthesized by hy-
drogen reduction of stoichiometric and non-stoichiometric Co-ferrite MNPs obtained via
the sol–gel autocombustion method, which is a relatively simple, eco-friendly, and cheap
strategy allowing one to produce the spinel ferrite MNPs [32,33]. Moreover, the obtained
powder shows an extremely high porosity [32], providing a high interface between solid
and gaseous phases that favors heterogeneous reactions, such as topochemical H2 reduction.
X-ray diffraction (XRD), differential thermal analysis and thermogravimetry (DTA/TG),
and superconducting quantum interference device (SQUID) magnetometry were combined
to deeply investigate the correlation between the magnetic and morpho-structural prop-
erties of both the metallic and starting oxide particles. Moreover, the reduction kinetics
and the effect of an external magnetic field applied during the process were carefully
investigated by recording the temperature dependence of the magnetization during the H2
reduction of oxide particles.

2. Materials and Methods
2.1. Synthesis of Co-Ferrite Nanoparticles

Co-ferrite nanoparticles with a Co:Fe ratio of 2:1 and 1:1 were prepared by the sol–gel
autocombustion method. This method of synthesis has been previously used to obtain
cobalt ferrite and doped cobalt ferrite nanoparticles [28,32–34]. Fe(NO3)3·9H2O (≥98%,
Sigma-Aldrich) and Co(NO3)2·6H2O (Scharlab S.L., Barcelona, Spain) metal salts were first
dissolved in distilled water. The molar ratio between Fe and Co was set to 2:1 and 1:1 to
obtain FeCo particles with different compositions (i.e., Fe50Co50 and Fe66Co34) after H2
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reduction (see the next section). Then, 1-molar solution of the citric acid (≥99.5, Carlo
Erba Reagenti SpA) was added to set 1:1 molarity with the metal salts. The pH level was
adjusted to 7 by dropwise adding of 28–30% ammonia solution (Sigma-Aldrich, St. Louis,
MO, USA). The obtained sol was dried for about 120 min at 150 ◦C to form a gel. The
self-combustion reaction was induced by an increase in temperature up to 300 ◦C. The
obtained powders were finally collected and grinded with an agate mortar.

2.2. H2 Reduction of Co-Ferrite Nanoparticles

Oxide MNPs were placed in an alumina boat crucible and inserted into a quartz tube
inside a tubular furnace. The tube was heated at 200 ◦C (2 h) in an N2 flow (50 mL/min) to
remove moisture and air. The reduction was performed at 500 ◦C (5 h) in a dynamic flow
of the mixture of H2 (50 mL/min) and N2 (20 mL/min). After reduction, the samples were
passivated in the N2 atmosphere during overnight cooling and transferred into an inert
glove box workstation (MBRAUN) with an N2 atmosphere (H2O < 0.3 ppm; O2 < 0.1 ppm).

2.3. Samples’ Characterization

Phase identification and structural characterization were performed by means of
a MiniFlex (Rigaku) X-ray diffractometer (XRD) using a Cu Kα anode (λ = 1.54184 Å)
in the 2θ geometry. Analysis of the XRD patterns was performed with Maud software.
The crystallographic information files (.cif) were acquired from the crystallographic open
database (COD) [35]. The size of the crystallites (dXRD) and the lattice parameter (a) were
calculated by using the Scherrer formula while considering crystallites with spherical
shapes [36,37].

Differential thermal analysis and thermogravimetry (DTA/TG) were performed by
using a LabsysEvo 1600 DTA/TGA (Setaram). About 5 mg of the sample obtained after
reduction were put in an alumina crucible and heated from 30 to 1000 ◦C at 10 ◦C/min
under an O2 or Ar atmosphere (20 mL/min).

Field-dependent magnetization loops were measured by using a Quantum Design
SQUID magnetometer in the field range ±5 T at 5 K and 300 K. Samples were prepared in
an N2 atmosphere inside the glove box and closed by glue to prevent particle contact with
ambient oxygen.

2.4. In Situ Study of the Reduction Kinetics

The reduction kinetics was investigated by recording the temperature dependence
of the magnetization during the H2 reduction of the oxide particles [31,38]. The samples
(~10 mg) were placed in a measuring cell of a vibrating sample magnetometer (VSM, built
in house [38]), consisting of a flow-through microreactor with an internal volume of 0.3 cm3.
The samples were clamped between two membranes of porous quartz.

The samples were heated in an Ar flow (30 mL/min) of up to 200 ◦C at a heating rate
of 9 ◦C/min., and then the temperature was kept constant until a stable magnetization
value was reached. The magnetization was measured at a frequency of 1 Hz. The same
measurement was then performed by replacing the Ar flow with H2 (flow 30 mL/min) and
gradually increasing the temperature up to 500 ◦C at a heating rate of 9 ◦C/min.

3. Results

The XRD patterns of the Co-ferrite particles (Figure 1) confirmed the formation of a
phase-pure cubic spinel structure for both samples (COD card no. 1,533,163 [39]). When
the Fe:Co molar ratio of the starting salts was set to 2:1 with the stoichiometry CoFe2O4
nanoparticles form, while a mixture of CoFe2O4 and FeCo2O4 phases was likely obtained
when the Fe:Co ratio was set to 1:1 [40]. Hereafter, we will use the conditional formula
“(CoFe)3O4” to indicate the latter sample. In stoichiometric CoFe2O4, Co2+ cations preferen-
tially occupy octahedral sites with an inversion degree of ~0.8. In cobalt-rich spinel ferrites,
some cobalt ions are in the 3+ low-spin state and preferentially occupy the octahedral sites,
pushing some Co2+ to tetrahedral positions and thus reducing the inversion degree toward
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~0.5 [40]. As a result, the lattice parameter a decreased from 0.8381(1) nm for CoFe2O4
to 0.8242 (2) nm for FeCo2O4 [40], and the reflection peaks of the Co-reach spinel ferrites
shifted to higher 2θ values. In our samples, the lattice parameter of the stoichiometric
sample was 0.8392(5) nm, which was very close to the nominal value, and it decreased to
0.8346(6) nm for the (CoFe)3O4 sample, thus confirming the trend of reduction of the lattice
parameter while increasing the Co percentage.

Figure 1. XRD patterns of (a) CoFe2O4 and corresponding metallic Fe66Co34 MNPs and (b) (CoFe)3O4

and corresponding metallic Fe50Co50 MNPs. Diffraction peaks of oxide and reduced powders
are indexed by cubic spinel ferrite and body-centered cubic (bcc) FeCo phase, respectively (the
corresponding Miller indexes are reported).

The crystallite size (dXRD) estimated using Scherrer’s equation [37] was ~12 and
7 nm for the CoFe2O4 and (CoFe)3O4 particles, respectively. The XRD patterns of the
samples after H2 reduction featured drastic changes in the position and width of the
diffraction peaks, which could be indexed to the bcc FeCo phase (I m −3 m structure, COD
card no. 1100108). Lattice parameters of 0.2866(1) nm and 0.2859(7) nm, indicating the
formation of Fe66Co34 and Fe50Co50 MNPs were estimated for the FeCo particles obtained
from CoFe2O4 and (CoFe)3O4 oxides, respectively. Moreover, it is worth noting that the
size of the crystallites increased up to 25 nm and 33 nm for the Fe66Co34 and Fe50Co50
samples, respectively.

The magnetic properties confirmed the change of the particle structure after H2 re-
duction (Figure 2 and Table 1). At low temperatures (5 K), the CoFe2O4 and (CoFe)3O4
samples possessed a large coercivity (HC), resulting from the high magnetic anisotropy of
Co-ferrites, and a saturation magnetization (MS) lower than the bulk value (90 Am2/kg for
stoichiometric cobalt ferrite at 0 K [41]), owing to the large contribution of magnetically frus-
trated surface spins in small nanoparticles [28,42,43]. The coercivity rapidly reduced when
measurements were performed at 300 K, due to thermal fluctuation occurring when the
temperature approached the blocking temperature (TB, which was above room temperature
for those samples) according to the following equation:

HC(T) = ζ
2K
MS

[
1−

(
T

TB

) 1
2
]

, (1)

where K is the magnetic anisotropy constant and ζ is a coefficient that mainly depends on
the anisotropy symmetry [44].
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Figure 2. Field dependence of magnetization of oxide and metallic MNPs measured at (a) 5 K and
(b) 300 K.

Table 1. Structural and magnetic properties of Co-ferrite and corresponding FeCo metal MNPs.
Uncertainties on the last digit are given in parentheses.

Sample: CoFe2O4 Fe66Co34 (CoFe)3O4 Fe50Co50

space group F d −3 m I m −3 m F d −3 m I m −3 m
a, nm 0.8392(5) 0.2866(1) 0.8346(6) 0.2859(7)

dXRD, nm 12(1) 25(6) 7(1) 33(8)

MS, Am2/kg
5 K 54(2) 199(4) 41(2) 215(4)

300 K 45(2) 203(4) 35(2) 215(4)

µ0HC, T 5 K 1.37(2) 0.045(3) 1.63(3) 0.042(6)
300 K 0.073(2) 0.039(1) 0.068(2) 0.012(2)

MR/MS
5 K 0.37(4) 0.25(2) 0.44(4) 0.16(2)

300 K 0.14(2) 0.21(2) 0.16(2) 0.12(2)

Toxidation, ◦C — 410(4) — 453(2)
496(4)

Treduction, ◦C µ0H = 10 mT 349(5) — 357(5) —
µ0H = 0.5 T 328(5) 333(5)

The M-H loops for both H2-reduced samples were characterized by an increased MS
and reduced HC. The saturation magnetization at 5 K reached values of ~203 Am2/kg
and ~215 Am2/kg for the Fe50Co50 and Fe66Co34 MNPs, respectively, which were slightly
lower than the values of FeCo bulk alloys of similar compositions [20]. This reduction
was probably due to the formation of a thin oxide shell, which may have arisen at the
intermediate step when the sample was transferred from the furnace to the glow box.
Additionally, the magnetic properties of both metallic MNPs were much less temperature-
dependent because of the higher size of these particles compared with the oxide ones.

To additionally prove the effectiveness of the reduction, the reverse mechanism (i.e., the
oxidation of metallic MNPs) was investigated by performing DTA/TG in an O2 atmosphere
(Figure 3). The mass gain during oxidation for both samples was ~36%, consistent with the
value expected from the difference between the molar mass (MW) of Fe66Co34 (~171 g/mol)
and CoFe2O4 (~235 g/mol) (i.e., (MW[CoFe2O4]/MW[Fe66Co34] − 1) × 100% = 37.5%). A
similar value of 37.2% was measured for the Fe50Co50 sample. Oxidation of the Fe66Co34
sample occurred in a single step at a temperature of ~410 ◦C (exothermic peak of DTA
curve), while the oxidation of the Fe50Co50 MNPs occurred at higher temperatures [45],
and it had a two-step character. This may have been due to the heterogeneity of the starting
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material, which may have contained two different oxide phases. TG measurements of the
Fe50Co50 MNPs under an inert atmosphere (Ar) showed no significant mass variations.
The DTA clearly revealed the bcc (α-phase) to fcc (γ-phase) transition (endothermal peak
at ~982 ◦C). According to the Fe-Co phase diagram, the position of this peak depended
on the alloy composition and, for the Fe55Co45 composition, reached a maximum value
of ~985 ◦C [46]. The sharpness of the peak indirectly indicated the compositional homo-
geneity of the Fe50Co50 sample, despite the suspicion of the heterogeneity of the parent
oxide sample (CoFe)3O4. It is also interesting to note that after oxidation at 1000 ◦C, the size
of the crystallites, evaluated from the XRD pattern, remained almost unchanged compared
with the metallic particles.

Figure 3. DTA (red or blue) and TG (black) curves recorded in the O2 atmosphere for (a) Fe66Co34

and (b) Fe50Co50 MNPs. The inset of (b) is the DTA curve of the Fe50Co50 MNPs measured in an
Ar atmosphere.

To study in detail the reduction process and the effect of an external magnetic field,
the temperature dependence of the magnetization was measured during the reduction
of Co-ferrite powders under a reductive H2 atmosphere (Figure 4). Magnetization was
recorded as a function of the temperature under a magnetic field of 10 mT and 0.5 T. Since
the magnetic properties of the Co-ferrite oxides and FeCo metals were very different, the
sudden increase in magnetization around ~350 ◦C may have been associated with the
reduction of oxides to metals. The rate of reduction process could be estimated from the
derivative of magnetization versus temperature dM(T)/dT. The maxima of these curves
depended on the applied magnetic field. In the higher field, this peak shifted toward a
lower temperature of about 20–25 ◦C, thus suggesting that the magnetic field promoted the
reduction process.

Moreover, analysis of the M(T) curves recorded during reduction allowed for disclos-
ing the topochemical reaction mechanisms. It was recently demonstrated that the reduction
of Fe3O4 particles in H2 can occur in one- or two-step processes [31], the latter being due to
the formation of an intermediate antiferromagnetic FeO phase (paramagnetic above the
Néel temperature TN = 198 K [41]). In the case of Co-ferrites, in a hypothetical two-step
process, the Me3O4 spinel phase (where Me2+/3+ is a Fe2+/3+ or Co2+/3+ metal ion) may
first transform to a MeO rock salt phase and finally to a pure Me phase. In a one-step
process, the Co ferrites directly transform to a pure metal phase. Since, in both samples, no
significant change in magnetization was detected after the sudden increase of the moment,
one can conclude that the mechanism of the topochemical process occurred in one step
in both the low and high magnetic fields, or a two-step process occurred smoothly at the
same temperature.
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Figure 4. Temperature dependence of magnetization under an external magnetic field of 10 mT and
0.5 T, measured during the H2 reduction of (a) CoFe2O4 and (b) (CoFe)3O4 MNPs. Bottom panels:
normalized first derivative of magnetization vs. temperature curve.

After the samples were reduced, the M(T) curves were recorded during cooling
(Figure 5). Considering that at a field of 0.5 T the system was close to the saturation state,
and the studied temperature range was still relatively far from the Curie temperatures
(TC(Fe67Co33) = 985 ◦C, TC(Fe51Co49) = 964 ◦C [24]), Bloch’s law could be applied to
describe the reduction in magnetization:

M(T) = M0

(
1− BTβ

)
, (2)

where B is the Bloch constant, β is the Bloch exponent (which is usually in the range
of 1.5–2), and M0 is the magnetization at 0 K [47,48]. By fitting the low-temperature
region of the experimental curves reported in the T3/2 scale, the magnetization at 0 K
(M0) was estimated to be 263 ± 2 Am2/kg and 267 ± 4 Am2/kg for the Fe66Co34 and
Fe50Co50 samples, respectively. It is worth mentioning that these values were obtained after
correcting the mass for the losses measured during the reduction process (see the section
with TGA). The M0 values were significantly higher than the saturation magnetization
determined by SQUID measurements, probably because in this latter case, the samples
were partially oxidized during the quick exposition to air before SQUID measurements.
Moreover, the estimated M0 values were significantly higher than those expected for bulk
materials (more than about 20% because at 0.5 T, the saturation was not completely reached).
Similar to what was already observed in the α-Fe particles obtained after high-pressure
hydrogenation treatments [25], the enhancement of the saturation magnetization may be
explained by the local changes of the electronic configurations due to the incorporation
into the bcc FeCo structure of residual C atoms present on the surface of the oxide particles
after the combustion of citric acid. Further investigations of this issue should be conducted
with a wide range of samples.
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Figure 5. Temperature dependence of the magnetization measured during cooling under a magnetic
field of 0.5 T for as-reduced Fe66Co34 and Fe50Co50 MNPs. (left axis) M is the magnetic moment
divided by the mass of initial oxide powder (moxide). (right axis) M is the magnetic moment divided
by the mass of derived metal mmetal = moxide × (Mw

oxide/Mw
metal).

4. Conclusions

High-moment FeCo nanoparticles with tunable compositions can be easily obtained
by topochemical H2 reduction (~350 ◦C) of Co-ferrite nanoparticles with different Fe/Co
ratios. Both structural and magnetic characterizations confirmed the formation of metallic
FeCo alloy nanoparticles with an average crystallite size of ~30 nm featured by a high
magnetization (~265 Am2/kg at 0 K and 0.5 T), significantly larger than the values of the
FeCo bulk alloys of similar compositions, which could be ascribed to the presence of C
atoms in the crystal structure coming from residual carbon present on the surface of the
oxide particles. Temperature-dependent magnetization measurements indicate that the
reduction of Co-ferrite to FeCo nanoparticles is a one-step process whose efficiency in
terms of reduction of the processing temperature can be significantly enhanced through the
application of a moderate external field (0.5 T), thus paving the way for the development
of sustainable syntheses of high-moment metal nanoparticles.
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