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Abstract Air-stable bimetallic spherically shaped
Fe—Ni and Fe-Co magnetic nanoparticles (MNPs),
having an average size of 15 nm and core—shell
structure, were synthesized by a simple wet chemical
method under ambient conditions. For the first time,
sodium borohydride reduction method, commonly
applied for the syntheses of metal nanoparticles, was
used for the preparation of well-defined Fe—Ni and Fe—
Co nanoalloys, avoiding exploitation of any organic
solvent. This approach allows a large scale production
of nanoparticles specifically stabilized by an iron
oxyhydroxide shell without a need of secondary
functionalization. Transmission electron microscopy,
X-ray powder diffraction, X-ray fluorescence, mag-
netization, and Mossbauer data demonstrate a core—
shell nature of the as-synthesized nanoparticles. The
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nanoparticle core is of metallic origin and is inhomo-
geneous at the atomic level, consisting of iron-rich and
iron-poor alloy phases. The composition of the shell is
close to the ferrihydrite and its role lies in prevention
of oxidation-induced degradation of nanoparticle
properties. The core is ferromagnetic at and below
room temperature, experiencing superparamagnetic
relaxation effects due to a reduced size of nanoparti-
cles, whereas the shell is completely superparamag-
netic at 300 K and magnetically orders below ~25 K.
Both developed types of magnetic nanoalloys exhibit a
strong magnetic response under applied magnetic
fields with a high magnetization values achievable at
relatively low applied magnetic fields. Beside this, the
highly biocompatible chemical composition of the
nanoparticle shell and ability of its chemical modifi-
cation by substitution or addition of other ions or
molecules further empower the application potential
of these MNPs, especially in the field of biomedicine.

Keywords Magnetic nanoparticles - Core—shell -
Borohydride - Ferrihydrite - Mossbauer spectroscopy -
Magnetization measurements

Introduction
Metallic or ceramic magnetic nanoparticles are impor-
tant materials for a large variety of contemporary and

future technological applications, including high-
density magnetic recording media (Kodama 1999;
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Sun et al. 2000; Skumryev et al. 2003; Hoinville et al.
2003), catalysts (Sinfelt 1983), magnetic fluids
(Rheinlander et al. 2000), drug identification and
delivery, as well as contrast and hyperthermia agents
in biomedicine (Kodama 1999; Berry and Curtis 2003;
Pankhurst et al. 2003). Among these nanomaterials,
bimetallic Fe—-Co and Fe-Ni nanoalloys raise a
significant attention due to their application—prom-
ising magnetic properties that can be easily tuned by
varying composition of individual metals in the
system (He et al. 1997; Jang et al. 2004). In the case
of Fe—Co nanoalloys, it is well known that Co
exhibiting the largest positive magnetic anisotropy
enhances the coercive field and residual magnetization
of these nanomaterials as its content increases (Li et al.
1998). Fe—Co is generally regarded as a soft magnetic
alloy with a high Curie temperature (>1,100 K), high
saturation magnetization (>220 emu/g), large mag-
netic permeability, and low magnetic anisotropy
(Poddar et al. 2004). These features predestinate
Fe—Co to be exploited in high-temperature applica-
tions such as magnetic bearings for high-speed motors,
flywheels, gas turbine engines, etc. (Chu et al. 1999).
Recently, Fe—Co nanoparticles have been found as
components of microwave absorbing materials (for
waveguides, modulators, switches) as they show a
strong absorption of electromagnetic waves in the
gigahertz region driven by high microwave perme-
ability and finite-size effect (Nie et al. 2007; Kim et al.
2004). Thus, they appear to be alternatives to ferrites,
commonly employed in the field of electromagnetic
shielding, as their microwave permeability dramati-
cally fades away in the high-frequency region due to
the Snoek’s limit (Sugimoto 1999). Beside this, owing
to their eminent magnetic properties, Fe—-Co MNPs
generate the maximum specific loss power heat per
unit mass of MNPs achievable by any (nano)material,
strengthening their potential for utilization in thermo-
therapy treatments (Habib et al. 2008). Fe—-Ni nano-
alloy displays similar material’s characteristics; in
addition, it possesses almost zero magnetostriction
and significant anisotropic magnetoresistance (Chen
et al. 2009).

In most cases, Fe-Co and Fe-Ni MNPs are
synthesized having core—shell architecture. The
core—shell design offers a possibility to control the
product’s physical and chemical properties in terms of
the structure of the core, shell, and interface (Wang
and Zeng 2009). Very frequently, the shell is of a metal
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oxide nature which, on one hand, protects the metals
involved against oxidation, but, on the other hand,
decreases, to some extent, the maximum material’s
magnetization that can be reached when exposing
MNPs to external magnetic fields. In addition, it may
provide functional groups for further functionalization
to improve the biocompatibility of these MNPs with
regard to their exploitation in biomedical areas. One of
the main factors controlling the optimization of the
morphological, structural, and magnetic properties of
MNPs targeting particular applications is the synthesis
route followed to obtain these (nano)materials. In the
case of Fe—Co and Fe—Ni (nano)alloys, a rich variety
of synthetic techniques have been reported so far,
generally falling into two main groups, i.e., physical
and chemical methods. They include hydrogen reduc-
tion of Fe, Co, and Ni inorganic salts (Suh et al. 2006;
Otsuka et al. 1984), reverse micelles techniques
(Suresh et al. 2011; Naik et al. 2011), hydrothermal
reduction (Liu et al. 2010), sol-gel techniques (Shen
et al. 2011; Xu et al. 2010), sonochemical decompo-
sition (Li et al. 2003; Shafi et al. 1997), hydrogen
plasma reaction (Dong et al. 1999; Li et al. 2001; Liu
et al. 2010), inert gas condensation (Djekoun et al.
2009), etc. Each synthetic method, employed for
preparation of a particular (nano)material, has advan-
tages and drawbacks that unwind from its complexity
regarding the use of precursors, conditions secured,
steps involved, and time and cost demands. Among
several preparative methods of magnetic nanostruc-
tures, the borohydride (ABH4, A = Li, Na, K) reduc-
tion technique is widely adopted by synthetic chemists
and materials scientists in terms of simplicity, safety,
non-hazard, and versatility in both inorganic and
organic chemistry. Most importantly, borohydride is
an effective reducing agent of transition metal ions
with its action being strongly influenced by the metal
oxidation state, counterions, solvent, concentration,
and temperature (Klabunde et al. 1994). Therefore, a
library of new inorganic magnetic solids (metallic,
ceramic, or composite) can be foreseen by the
borohydride method via controlling one or more of
the above-mentioned parameters (Bourlinos et al.
2004, 2005).

In this study, we describe the synthesis and
characterization of highly magnetic core—shell MNPs
of Fe—Co and Fe-Ni type, prepared by employing the
borohydride reduction technique for the first time, and
present a detailed study of their morphological,
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structural, magnetic, and compositional properties. In
particular, we utilize sodium borohydride as a reduc-
ing agent and suitable metal salts as a metal source,
avoiding involvement of any organic solvent. Aque-
ous reduction results in phases having core—shell
structure and consisting of a bimetallic Fe—Co and/or
Fe—Ni alloy core and an iron oxyhydroxide shell of a
ferrihydrite nature which can be easily modified for
further functionalization. The highly biocompatible
chemical composition of this oxyhydroxide phase in
the shell empowers the potential of these MNPs for
their possible exploitation in biomedical-related
applications.

Experimental
Synthesis of materials

The two MNPs samples, hereafter denoted as the Fe—Ni
and Fe-Co sample, were prepared by a wet chemical
method using a sodium borohydride agent. In details,
stoichiometric quantities of 526 mg of NiSO,4-6H,0,
784 mg of (NH4),Fe(SO,4),-6H,O and 562 mg of
CoS04-4H,0, 784 mg of (NH,4),Fe(SO4),-6H,0 (all
supplied by Aldrich and used as-received), correspond-
ing to FesoNisg and FesoCosq stoichiometries, were
completely dissolved in 100 ml glass beakers contain-
ing 20 ml of de-ionized water. 400 mg of NaBH, solid
specimens (Aldrich, used as-received) were then rapidly
added to each one of the two clear solutions under
vigorous stirring. The mixtures were further allowed to
stir under ambient conditions for 25 min. When the
reactions were completed, the mixtures were transferred
inclean 100 ml glass beakers. The magnetic solids were
allowed to settle from the solution using a strong hand
magnet, rinsed five times with 40 ml of de-ionized water
and three times with 40 ml of acetone. The solids were
finally dried in a hood at room temperature for
15-20 min, affording magnetic black powders.

Materials characterization

The resulting samples were characterized by powder
X-ray diffraction (XRD) on a PANalytical X’Pert
PRO diffractometer using Co K, radiation, equipped
with an X’Celerator detector. X-ray fluorescence
(XRF) analysis was carried out by an XRF spectrometer
(Wavelength dispersive XRF S4 Pioneer). Information

on the morphology, stoichiometry, and particle size of
the synthesized samples was extracted by transmission
electron microscopy (TEM) using a JEM2010 micro-
scope operated at 200 kV with a point-to-point
resolution of 1.9 A. Before measurements, the sam-
ples were dispersed in ethanol and the suspension was
treated in ultrasound for 10 min. A drop of very dilute
suspension was placed on a carbon-coated grid and
allowed to dry by evaporation at ambient temperature.
Magnetization measurements were performed
employing a SQUID magnetometer (MPMS XL-7
type, Quantum Design). The hysteresis loops were
collected at temperatures of 5 and 300 K in external
magnetic fields ranging from —70 to 470 kOe. The
zero-field-cooled (ZFC) and field-cooled (FC) mag-
netization curves were recorded on warming in the
temperature range from 5 to 300 K under an external
magnetic field of 100 Oe after cooling in a zero
magnetic field and in a magnetic field of 100 Oe,
respectively. The same measuring procedure was also
applied for collecting the ZFC and FC magnetization
curves in an external magnetic field of 1 kOe. *’Fe
Mossbauer spectra of the MNPs samples were col-
lected in transmission geometry at 300, 77, and 5 K,
using constant-acceleration spectrometers, equipped
with ’Co(Rh) sources kept at room temperature,
liquid N, and liquid He bath Mdssbauer cryostats
(Oxford Instruments). Velocity calibration of the
spectrometers was carried out using metallic o-iron
at room temperature; all isomer shift values are given
relative to this standard.

Results

Structural, compositional, size, and morphology
characterization

XRD patterns of the two synthesized samples are
shown in Fig. 1. In both patterns, we observe a very
broad diffraction peak with a maximum at around 53°
of 26. In addition, in the case of the Fe—Co sample, the
two more broad diffraction peaks with maxima at
around 40° and 71° of 20 are evident, which are not
detected in the XRD pattern of the Fe—Ni sample. The
broadening of the diffraction peaks indicates the
nanostructure nature of the studied samples. The main
peak at 53° of 20 suggests the presence of MNPs
species with a body centered cubic (bcc) crystal
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Fig. 1 XRD patterns of a Fe-Ni and b Fe—Co MNPs sample

structure, resembling that of o-Fe. The additional
diffraction peaks observed for the Fe—-Co sample are
located in angular positions that are close to the broad
reflections of the two-line ferrihydrite (FesHOg-4H,0)
phase (Cornell and Schwertmann 1996). However,
from the XRD pattern of the Fe—Ni sample, we cannot
unambiguously exclude the presence of ferrihydrite
phase; its diffraction peaks may be hidden in the
background of the XRD signal due to its lower
quantity in the Fe—Ni sample or ferrihydrate phase is
more structurally amorphous in the Fe—Ni sample than
in the Fe—Co sample.

Taking into account the total broadening of the
main diffraction peak at 53° of 20 and using the
Scherrer formula (Cullity 1956), the average particle
size is estimated to be below 2 nm for both samples,
being a rather low value. However, the Scherrer
formula gives only estimation of the size of the
coherent particle domains and depends significantly
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on the broadening of the diffraction peak under
investigation, in which other factors like the low
degree of crystallinity of the prepared phases are also
reflected. In such cases, the average particle size might
be underestimated by this formula and far from a more
accurate one derived from analysis of TEM images.
Based on XRF measurements yielding relative atomic
percentages, the average compositions of the two
synthesized samples are quite close to the nominal
ones, i.e., 52.6 % of Fe and 47.4 % of Ni for the Fe—Ni
sample, and 46.4 % of Fe and 53.6 % of Co for the
Fe—Co sample.

TEM images of the prepared Fe-Ni and Fe-Co
samples are shown in Figs. 2 and 3, respectively. The
images reveal that the samples have quite similar
microstructure morphology and are composed of
nanoparticles exhibiting a core—shell structure. Most
particles have more or less spherical shapes, although
some of them are more elongated than the others. The
nanoparticles in both samples are also interconnected
with each other as they seem to form assemblies of
larger branch-type structures through attachment of
their shells.

As it is further evident from TEM images, the
prepared nanosystems exhibit a particle size distribu-
tion. The majority of the nanoparticles have their size
values falling between 10 and 15 nm. For the larger
nanoparticles, the shell volume seems to be much
smaller than the core volume, whereas in the case of
the smaller nanoparticles, the shell volume becomes
comparable with the core volume. A more detailed
statistically based analysis of several TEM images
acquired for both samples gives the particle size
distribution as depicted in Fig. 4. A log-normal type
distribution, i.e.

N(x) =

1 (Inx—In xc)z

e 2z (1)

xwV2n

is best suited to fit the profile of size dispersions, where
N(x) is the number of nanoparticles with size x and w,
X, are fitting parameters. Fitting the experimental data
with such distribution functions (i.e., solid lines in
Fig. 4) gives a median particle size (x.) of about
15 nm for both samples.

It is worth noting here that the shell thickness of the
MNPs seems also to possess a size distribution. A
detailed statistically based analysis (see Fig. 4c, d)
suggests that these distributions are similar and also
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Fig. 2 TEM images of the synthesized Fe—Ni MNPs sample

resemble the profile of the particle size distributions of
MNPs. Thus, the shell-size distribution is wider and
extends more to the larger size values in the case of the
Fe—Co sample compared to that of the Fe—Ni sample.

Magnetization measurements

Hysteresis loop measurements, carried out at tempera-
tures of 5 and 300 K, are shown in Figs. 5 and 6. The
measurements at 5 K were performed after cooling the
samples under an applied magnetic field of 100 Oe. Asit
isevident, acomplete saturation is not achieved in any of
the studied samples, i.e., a non-zero dM/dH slope is
observed in high applied magnetic fields at both
measurement temperatures. In addition, this high field
slope seems to show an increase for low-temperature
hysteresis loop relative to the room temperature one in
each sample, and, in particular, for the Fe—Co sample,

this increase is more pronounced compared to that found
for the Fe—Ni sample. For both samples, the hysteresis
loops at 5 K display a small asymmetry in the absolute
values of the positive and negative coercive fields (Hc,
and Hc_), respectively (see insets in Figs. 5, 6 and
Table 1). Due to core—shell architecture of the stud-
ied MNPs alloys, the maximum absolute magnetization
values are quite lower than the saturation magnetization
values of a-Fe at 300 K (218 emu/g)and 5 K (222 emu/g),
or for FesyNisy and FesoCoso bulk alloys, which
generally possess even higher saturation magnetization
values (Cullity and Graham 2009). This indicates that
the nanoparticle shell is composed of a phase being
magnetically weaker than that of nanoparticle core as
frequently observed for such types of core—shell nano-
particles (Krishnan et al. 2006). The absolute values of
the (Hc, — |Hc_l) difference at 5 K are significantly
higher relative to the corresponding values at 300 K for
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Fig. 3 TEM images of the synthesized Fe—-Co MNPs sample
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both studied samples. These characteristics reflect the
nanostructured nature of the samples, and are expected
in such MNPs systems (Fiorani 2005; Mgrup and
Hansen 2007; Gubin 2009). On the other hand, in such
core—shell nanoparticle systems composed of phases
with different magnetic properties, exchange-bias phe-
nomenon is often observed. The above characteristics
thus suggest the presence of a magnetic multi-phase
system in the structure of our MNPs, implying the
appearance of exchange-bias phenomenon in the inter-
face between the phases exhibiting different magnetic
orderings. However, at 300 K, the hysteresis loops are
more symmetric and the absolute (Hcy — |Hc_l)
difference is close to zero, indicating a decrease in the
strength of this phenomenon, which seems to vanish.
In order to investigate further the nature and
strength of this exchange-bias phenomenon occurring
in our samples, we performed additional hysteresis
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Fig. 5 Hysteresis loops of the synthesized Fe-Ni MNPs,
recorded at a temperature of a 5 and b 300 K. The insets show
the profile of the hysteresis loop around the origin

loop measurements at 5 K, after cooling the samples
from 300 K under an applied magnetic field of
470 kOe. The resulting loops are shown in Fig. 7
and their features are listed in Table 1. These
measurements do not differ much from the measure-
ments performed in a quite smaller cooling magnetic
field of 100 Oe. This indicates that the exchange-bias
effect between different magnetically ordered phases
is rather weak, most probably due to a low value of the
magnetic anisotropy of some of the phases involved in
these interactions.
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Fig. 6 Hysteresis loops of the synthesized Fe-Co MNPs,
recorded at a temperature of a 5 and b 300 K. The insets show
the profile of the hysteresis loop around the origin

The temperature evolution of magnetization also
confirms the nanostructured nature of both investi-
gated samples. ZFC and FC magnetization curves,
recorded under applied magnetic fields of 100 and
1 kOe for the synthesized Fe-Ni and Fe—-Co MNPs
samples, are shown in Figs. 8 and 9. On increasing the
temperature, ZFC magnetization curves of both sam-
ples show an abrupt increase in the magnetization
values up to 25 K, followed by a more gradual and
constant increase at higher temperatures. This is in
contradiction with the typical magnetic response
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Table 1 Parameters of the hysteresis loops of the Fe—Ni and
Fe—Co samples, measured at temperatures of 5 and 300 K,
where M .x+ and M, are the maximum magnetizations at

470 and —70 kOe, Hc, and Hc_ are the positive and negative
coercivities, and Mg, and Mg_ are the positive and negative
remanent magnetizations, respectively

Sample T (K) My, (emu/g) My, (emu/g) Hey (Oe) He_ (Oe) Hey — |He_| (Oe) Mg, (emu/g) Mg_ (emu/g)
Fe—Ni 5 82.25 —82.25 798 —821 —23 34.48 —34.27

300 72.19 —72.19 489 —490 —1 24.44 —24.42
Fe—-Co 5 101.01 —101.01 667 =751 —84 32.67 -31.05

300 75.66 —175.66 425 —426 -1 21.75 —21.68
Fe—Ni* 5 84.68 —84.68 778 —796 —18 36.12 —35.33
Fe—Co* 5 100.17 —100.17 682 —736 —54 32.14 —30.53

Typical errors are £0.01 emu/g for the magnetization values and £5 Oe for the coercive field values. The lines indicated with * refer
to the hysteresis loops measured after cooling down to 5 K under an applied magnetic field of 470 kOe

exhibited by superparamagnetic nanoparticle systems
(Fiorani 2005; Mgrup and Hansen 2007), which
implies that MNPs in the studied samples do not show
a superparamagnetic behavior in the whole nanopar-
ticle volume, probably as a result of possible multi-
domain structure and exchange interactions taking
place between the nanoparticle core and shell.

However, there is a difference in the nature of the
steep increase in the magnetization values of the
studied samples below 25 K as witnessed from
the ZFC magnetization curves. For the Fe—Ni sample,
this increase extends from 5 to 15 K in both applied
magnetic fields. In the case of the Fe—Co sample,
under 100 Oe, magnetization values are stable from 5
to 10 K and an increase is observed from 10 to 20 K,
whereas under 1 kOe, the increase in magnetization
values is constant from 5 to 20 K.

FC magnetization curves follow an almost linear
increase down to 5 K in the case of the Fe—Ni sample
under both applied magnetic fields. In the case of the
Fe—Co sample, the corresponding increase is lower
than that observed for the Fe—Ni sample within a large
temperature region, and a steeper increase in the
magnetization values is observed under both applied
magnetic fields below 20 K, which is absent in the
corresponding curves of the Fe—Ni sample. ZFC and
FC magnetization curves do not coincide at any
temperature region and seem to bifurcate at a temper-
ature higher than 300 K.

Mossbauer spectroscopy measurements
Mossbauer spectra of the prepared samples, collected

at 5,77, and 300 K, are shown in Fig. 10. The spectral
characteristics, derived for the two samples at each
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recorded temperature, are very similar. At 77 and
300 K, the acquired Mossbauer spectra for both
investigated samples are quite broad, but at 5 K, they
seem to be significantly more resolved. At 77 and
300 K, a quadrupole split contribution is evident at the
center of each spectrum, while a magnetically split
part with asymmetrically broaden absorption lines
occupies the majority of the absorption area. In order
to fit the Mossbauer spectra at 77 and 300 K
adequately, we used a set of one quadrupole split
(P) and one magnetically split (M) component. For M
component, we allowed an asymmetric spreading
(AByy, Gaussian type) of the hyperfine magnetic field
(Byy) values around a central value (Byp) in order to
describe the asymmetric broadening (Douvalis et al.
2010). The resulting Mossbauer hyperfine parameters
are listed in Table 2. The isomer shift (0) values of P
component lie in the characteristic range for high-spin
(S = 5/2) Fe*" in oxygen environment, while the o
values of P component refer to iron atoms close to a
metallic state for both samples (Greenwood and Gibb
1971).

The P and M spectral components are no longer
present in the 5 K Mossbauer spectrum of both
studied samples as magnetically split contributions
with narrow absorption lines dominate their spectral
profile. It is evident that three main sextets are needed
to fit these spectra. However, the central part of the
spectrum still possesses some broadening, which
suggests the presence of an additional minor broad
magnetically split contribution. The resulting 6 values
for the two main components (M1 and M2) are quite
lower than the corresponding values of the third and
fourth components (M3 and M4). These values,
together with the quadrupole shift (AEg) values,
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recorded at a temperature of 5 K after cooling from 300 K
under an applied magnetic field of +70 kOe. The insets show
the profile of the hysteresis loop around the origin

derived for M1 and M2 component, correspond to Fe
atoms of “metallic” character whereas those of M3
and M4 component are typical of high-spin Fe>" ions.
To be more specific, M1 component in both spectra
displays hyperfine parameter values that are close to
those of bcec metallic a-iron (Greenwood and Gibb
1971), while M2 component shows a somewhat higher
6 and AEq values and lower B value as compared
with those derived for M1 component. The J values of
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Fig. 8 ZFC and FC magnetization curves of the synthesized
Fe-Ni MNPs, recorded under an applied magnetic field of
a 100 Oe and b 1 kOe. The insets show the profiles of the ZFC
and FC magnetization curves at low temperatures

M3 and M4 components are quite close to each other
in each spectrum, but their BS; and ABy; values are
quite different. M3 component shows a larger B¢ and
smaller ABy; values, respectively, than those derived
for M4 component. These results suggest that these
two components might be closely related (i.e., iden-
tical Fe*T oxidation states), however, they reflect
different magnetic characteristics, probably as a result
of finite-size effects. For both samples, the sum of the
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Fig. 9 ZFC and FC magnetization curves of the synthesized
Fe—Co MNPs, recorded under an applied magnetic field of
a 100 Oe and b 1 kOe. The insets show the profiles of the ZFC
and FC magnetization curves at low temperatures

absorption area of the Fe** M3 and M4 component at
5 K lies, within the experimental error of the
Mossbauer technique, in the range of the absorption
area value of P component used to fit 77 and 300 K
Mossbauer spectra. Similarly, the absorption area of
the “metallic” M1 and M2 component at 5 K sums up
to almost the same value of the absorption area found
for M component at 77 and 300 K. The corresponding
0 values of P and M3, M4 component also follow the
expected variation, with respect to temperature, due to

@ Springer

the second-order Doppler shift effect (Greenwood and
Gibb 1971). The ¢ values of M component follow a
similar variation from 300 to 77 K, and at 5 K, the ¢
values of M1 and M2 components are found in the
same range as the J value of M component at 77 K.
Thus, there is a strong evidence of direct correspon-
dence of P component to M3 and M4 component, and
of M component to M1 and M2 component.

Discussion

The presented results confirm that the Fe-Ni and
Fe—Co samples are both composed of nanoparticle
assemblies with core—shell architecture. While the
nanoparticle core is magnetically ordered in the
temperature interval of 5-300 K, the nanoparticle
shell exhibits a transition to a superparamagnetic
regime on increasing the temperature. The relatively
large room temperature coercive fields indicate a
ferromagnetically ordered state of the nanoparticle
core at 300 K due to a possible multi(magnetic)-
domain structure in the nanoparticle core and/or
presence of strong interparticle interactions of both
dipole—dipole and exchange nature. Coercivity and
remanence values can be generally enhanced on
emergence of finite-size effects as MNPs approach a
size when a magnetic multi-domain state collapses
into single-domain regime (Cullity and Graham 2009).
For FesyCosg and FesoNisy noninteracting spherical
nanoparticles, the critical size at which the transition
from multi-domain regime to single-domain state
occurs is estimated to be ~8.5 and ~ 12 nm, respec-
tively (Majetich and Jin 1999; Bertotti 1998). In
addition to the effect of oxyhydroxide shell weakening
the magnetic response of MNPs, the reduced maxi-
mum magnetization values and non-saturation profile
of the hysteresis loops in high applied magnetic fields
(especially at 5 K) suggest the existence of a variety of
magnetic coupling interactions of ferromagnetic and
antiferromagnetic origin, having been developed in
the structure of these MNPs. These features can be
attributed to the presence of different magnetically
ordered phases, due to their core—shell structure,
which might introduce exchange-bias effects. The firm
magnetic coupling between the Fe—Co or Fe—Ni core
and oxyhydroxide shell then shifts the blocking
temperature of Fe—Co and Fe—Ni nanoparticle cores
to temperatures higher than 300 K as already reported
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Fig. 10 >"Fe Mossbauer spectra of a Fe-Ni and b Fe-Co MNPs sample recorded at various temperatures

for other systems of nanoparticles with core—shell
architecture when the ferromagnetic nanoparticle core
is magnetically coupled with the nanoparticle shell
exhibiting magnetic ordering distinct from that of the
core (Nogues et al. 2005). This may explain why a
room temperature superparamagnetic behavior is not
observed in the synthesized Fe—Co and Fe—Ni samples
although the size of the nanoparticles in the studied
systems is below the superparamagnetic limit (~ 34
and ~71 nm for Fe5oCoso and FesoNisg, respectively)
(Majetich and Jin 1999; Mazaleyrat et al. 2009).
However, some differences in magnetization
characteristics of the Fe-Co and Fe-Ni samples
unfold important information on their magnetic
properties: (i) The absolute average Hc values of
the Fe-Ni sample are greater than those of the
Fe—Co sample both at 5 and 300 K. This mainly

reflects the nature of the different magnetic

properties of the alloys as Fe—Co is expected to be
magnetically softer than Fe—Ni (Cullity and Graham
2009). (ii) The absolute (Hc4 — |Hc_l) difference at
5 K is higher for the Fe—Co sample, suggesting a
stronger exchange-bias coupling between different
magnetically ordered phases compared to that
occurring in the Fe-Ni sample.

Moreover, a steeper increase in the magnetization
values, observed in the FC magnetization curve of the
Fe—Co sample at low temperatures, demonstrates the
presence of a multi-phase magnetic system. This steep
increase cannot be attributed to the exchange-bias
effect as this phenomenon tends to suppress the total
magnetization values. It seems that another compo-
nent of the MNPs system comes into play at low
temperatures. This component should be of super-
paramagnetic nature and enters a magnetically ordered
regime below a blocking temperature at 20-25 K,
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Table 2 Madssbauer hyperfine parameters of the Fe—Ni and Fe-Co MNPs samples, derived from the Mdssbauer spectra measured at

300, 77, and 5 K

Sample T d 2 AEq BS ABL: ABY: A Component  Assignment
(K)  (movs) (mnvs) (mms)  (kOe) By < B Bw> B (%)
(kOe) (kOe)
Fe-Ni 300 0.05 0.34 —-0.12 284 48 23 80 M Metallic Fe-Ni in core
0.30 0.30 0.87 - - - 20 P Fe** in shell
77 0.19 0.24 —0.08 317 53 19 84 M Metallic Fe-Ni in core
0.44 0.38 0.98 - - - 16 P Fe®* in shell
5 0.10 0.28 0.01 333 0 0 45 M1 Fe “rich” phase in core
0.23 0.28 0.05 259 3 3 41 M2 Fe “poor” phase in core
0.48 0.21 —0.04 485 3 3 M3 Fe** in shell
0.49 0.25 —0.06 268 39 39 M4 Fe** in shell
Fe-Co 300 0.13 0.21 —-0.06 271 38 23 70 M Metallic Fe—Co in core
0.33 0.28 0.78 - - - 30 P Fe** in shell
77 0.24 0.24 —0.04 291 38 22 72 M Metallic Fe—Co in core
0.46 0.31 0.77 - - - 28 P Fe’* in shell
5 0.09 0.27 0.00 332 0 0 33 M1 Fe “rich” phase in core
0.22 0.27 0.06 264 0 0 39 M2 Fe “poor’ phase in core
0.44 0.27 0.04 485 4 4 19 M3 Fe** in shell
0.46 0.26 0.01 261 29 29 9 M4 Fe** in shell

¢ is the isomer shift (relative to a-Fe at 300 K), I is the half linewidth, AEq, is the quadrupole splitting, Bl is the central value of the
hyperfine magnetic field, ABL: and ABIL are the asymmetric spreadings of B (see text), and A is the relative spectral absorption area
of each component. Typical errors are £0.02 mm/s for 6, I', and AEq, 3 kOe for Bi; and &5 % for A

giving consequently rise to higher magnetization
values. As these features are observed only for the
Fe—Co sample, it implies that in the Fe—Ni sample, this
superparamagnetic phase acquires different magnetic
characteristics, most probably due to a larger local
magnetic anisotropy that Co atoms possess relative to
Ni atoms and different degree of shell crystallinity of
Fe—Ni MNPs compared to that of shell crystallinity of
Fe—Co MNPs (as proved by XRD analysis).

A deeper insight into magnetic structure of the
studied samples can be drawn from the analysis of the
measured Mossbauer spectra, taking into account
knowledge on structural properties and stoichiometry
available from XRD and XRF measurements. In
particular, XRD results show the presence of a
metallic bcc nanostructured phase in both samples.
We can assign M1 component to Fe atoms with their
local environment comprised, to a large extent, of
other Fe atoms alone as their hyperfine parameters are
not affected much by the presence of neighboring Ni
or Co atoms in the crystal structure. We can call this
phase as an “iron-rich” phase. On the other side, the
shifted values of hyperfine parameters of M2

@ Springer

component, relative to those of M1 component
(see Table 2), reflect the presence of increased number
of Ni or Co atoms in the near environment of the
probed Fe atoms in both samples. These values
correspond well with those found for Fe—Ni and Fe—
Co alloys in the iron “poorer” regions (Johnson et al.
1961, 1963; Wertheim et al. 1964). Thus, we can
assign M2 component to an existence of “iron-poor”
phase in MNPs.

The remaining components (M3 and M4) used to
fit the 5 K spectra reflect iron oxyhydroxide phases.
In particular, M3 component, which is more mag-
netically resolved at 5 K, displays hyperfine param-
eter values that are quite close to two-line
ferrihydrite (Cornell and Schwertmann 1996). We
can suggest that M3 and M4 components represent
the shell of MNPs, which is composed of poorly
crystallized to amorphous ferrihydrite. The reason to
use two (M3 and M4) components instead of one
(M3) component for this phase can be justified
adopting following aspects. First, the absorption area
of M3 component lacks a significant amount of the
corresponding value found for the related Fe’™
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P component, and M4 component fulfills, within the
experimental errors, this gap. Second, if the shell of
MNPs corresponds, as suggested, to an oxyhydrox-
ide layer, some of the nanoparticles (as seen in TEM
images) possess a quite thin shell layers. Thus, small
thickness, and consequently mass, will probably
deprive Fe®" ions, located in these shells, from
developing a complete magnetic hyperfine splitting,
leaving them in an intermediate, but not complete
superparamagnetic state even at temperatures as low
as 5 K. In addition, the oxyhydroxide shells may
probably contain not only Fe*' ions, but Ni** or
Co”" ions as well, and the presence of these ions in
the structure of the shell phase may also influence
local electronic and magnetic properties. For these
reasons, M4 component is attributed to the nano-
particle shells that, although they exhibit in average
the same local chemical characteristics as those
derived from M3 component, they behave in a
different magnetic manner, showing a more signif-
icant superparamagnetic phenomenon (i.e., faster
superparamagnetic relaxation) (Mgrup and Hansen
2007).

By assigning M3 and M4 components to the shell
of MNPs, “metallic” M1 and M2 components are
left to account for the nanoparticle core. However,
comparable values of spectral areas of M1 and M2
components indicate a significant number of Fe
atoms being involved in the interaction with Ni or
Co atoms as almost half (41 % out of 86 % in the
case of the Fe—Ni sample) or more than half (39 %
out of 72 % in the case of the Fe—Co sample) of
metallic Fe atoms in total, present in each sample,
are engaged within this interaction mechanism. In
other words, this points to a compositional variation,
at the atomic level, in the core of our MNPs. Such
compositional variation between the alloy nanopar-
ticles in the present bimetallic systems is expected
on account of the different reduction potentials of
the combined metals, i.e., one metal tends to
precipitate faster than the other one as a result of
easier chemical reduction by borohydride.

Moreover, the relative spectral absorption areas
of each component at 5 K reveal important infor-
mation on a relative population of each phase in the
studied samples. Thus, if similar Debye—Waller
factors (Greenwood and Gibb 1971) are assigned
to each component in both samples, by comparing
the relative spectral area values of M1 components

in the two 5 K spectra, it is evident that the number
of Fe atoms in the “iron-rich” phase of Fe-Ni
MNPs seems to be higher than that of Fe atoms in
the “iron-rich” phase of Fe—-Co MNPs. However,
comparing the absorption areas of M2 components,
the relative populations of the “iron-poor” phase in
the two samples seem to be quite similar. On the
other side, for the Fe-Ni sample, the sum of the
relative spectral areas of M3 and M4 components is
quite lower than that found in the case of the Fe—Co
sample, showing thus the opposite relation to the
behavior of the “iron-rich” M1 component. This
gives a proof that the spectral areas of these
components, and their related P and M components,
are interconnected, in the sense that an increase in
the oxyhydroxide shell is related to the decrease in
the “iron-rich” phase. Thus, Fe-Co MNPs have
relative thicker oxyhydroxide shells than those of
Fe-Ni MNPs. XRD, TEM, and magnetization mea-
surements support this suggestion and indicate that
the shell of Fe—-Co MNPs is also relatively better
crystallized than that of Fe-Ni MNPs.

It is known that ferrihydrite gradually develops
magnetic ordering through a broad magnetic transi-
tion temperature region (130-70 K) (Cornell and
Schwertmann 1996), and a complete magnetic
ordering is established within a relatively broad
temperature interval from 45 to 10 K or even at
lower temperatures; the nature of this magnetic
ordering depends on formation-preparation condi-
tions and presence of other non-Fe*" ions. Its low-
temperature magnetic structure has been described
to take variable forms, i.e., from ferrimagnetic (due
to random spin arrangement) to speromagnetic or
amorphous magnetic one (Pankhurst and Pollard
1992; Madsen and Mgrup 1986). This then explains
a weak exchange bias observed in the studied
samples as the ferrihydrite shell, the magnetic
properties of which may vary, does not acquire a
strong magnetic anisotropy.

However, the magnetization measurements suggest
that the shells of Fe-Co MNPs are more magnetically
“active” than those of Fe—-Ni MNPs. In other words,
apart from being less well-crystallized, the shell phase
of Fe—Ni MNPs sample gives much weaker contribu-
tion to the overall low-temperature (<25 K) MNPs
magnetic response compared to that of the shell phase
of Fe—Co MNPs as a result of its quantity, composi-
tion, and magnetic properties. This implies that the
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shell phase of Fe—Ni MNPs is not only structurally
amorphous, but also magnetically amorphous.

Conclusions

In this study, we reported the synthesis of the highly
magnetic Fe—Co and Fe-Ni MNPs alloys exploiting a
sodium borohydride agent without a need of any
organic solvent. As a result, spherically shaped
nanoparticles with a relatively narrow size distribution
and core—shell structure were synthesized, having a
combination of very interesting structural and mag-
netic properties. The acquired data show that the
nanoparticle core is composed of metallic Fe-Ni or
Fe—Co alloys, which are inhomogeneous at the atomic
level, as both Fe “rich” and Fe “poor” alloy phases are
detected. The shell is composed of a semi-amorphous-
to-completely amorphous oxyhydroxide layer, close
to the ferrihydrite composition. The core experiences a
superparamagnetic relaxation due to its reduced size in
each nanoparticle, which, however, does not lead to a
complete superparamagnetic collapse of the corre-
sponding >"Fe By values in alloys up to 300 K. On the
contrary, the shell, due to its reduced mass and
different magnetic properties, experiences a fast super-
paramagnetic relaxation, which leads to a complete
collapse of the >’Fe By values in the oxyhydroxide at
temperatures above ~25 K. Weak exchange-bias
effects are observed in the interface between the core
and shell phases, and their reduced strength, as
compared to that observed in other core—shell MNPs
systems (Skumryev et al. 2003), is attributed to the
superparamagnetic nature and low magnetic anisot-
ropy of the shell phase.

Ferrihydrite is known to be a fully biocompatible
material (Wu et al. 2008; Pardoe et al. 2003; Webb
et al. 1999) as it is claimed to compose the inorganic
core of ferritin, an important iron-storage molecule
(Ford et al. 1984). Thus, the shell nature of the
prepared MNPs provides them with enhanced bio-
compatibility for their possible use in biomedical-
related applications. Beside this, it forms a barrier for
further oxidation or erosion of the metallic core,
avoiding thus degradation of its magnetic properties.
In addition, the ability of chemical modification of this
shell with substitution or addition of other ions or
molecules might equip these MNPs with a variety of
active functions, which, together with their intrinsic

@ Springer

magnetic properties, may lead to development of
novel versatile materials for many technological
applications.
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