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Facile synthesis and magnetic phase transformation of
Nd–Fe–B nanoclusters by oxygen bridging†

Chang Woo Kim,a Young Hwan Kim,b Umapada Palc and Young Soo Kang*a

We demonstrate a facile chemical approach for fabricating Nd–Fe–B nanoclusters through oxygen

bridging. The Nd–Fe–B nanoclusters comprised of small aggregated particles (�2 nm diameter) could be

successfully synthesized using sodium borohydride, a conventional reducing agent. The three-step

process consists of the formation of Fe–B primary particles through borohydride reduction and the

reduction of Nd cations over the Fe–B particles under hydrophilic conditions in coordination with

oxygen. Finally, a reductive annealing process in an H2 atmosphere allowed the oxidized Nd phase in

Nd–Fe–B nanoclusters to be reduced and diffuse into the Fe–B primary phase to form ternary Nd2Fe14B

intermetallic nanoparticles. The magnetic behaviors of both the primary Nd–Fe–B nanoclusters and the

final intermetallic Nd2Fe14B phase have been studied. Through reductive annealing, the as-grown

amorphous Nd–Fe–B nanoclusters of soft magnetic behaviour could be transformed to a crystalline

intermetallic Nd2Fe14B phase of highly ferromagnetic nature. The mechanism of formation of the

lanthanide based intermetallic phase has been discussed. The proposed method of synthesis can lead to

a simple route for the otherwise difficult fabrication of lanthanide-based intermetallic ternary

nanostructures.
Introduction

Lanthanide (Ln) related materials and their nanostructures are
gaining growing importance in the elds of coordination
chemistry of lanthanide and Ln-based solid-state chemistry.1

Lanthanides play critical roles in various realms such as the
production of high quality phosphors and up-conversion
materials due to their large magnetic anisotropy, fabrication of
integrated optical systems, and materials with outstanding
electrochemical characteristics arising from their 4f orbital.2

Among the Ln-related materials, ferromagnetic Nd–Fe–B has
attracted much attention as a candidate for high performance
permanent magnets with a high saturationmagnetization (Ms¼
16 kG), a near-ideal maximum energy product value ((BH)max ¼
14.0 MGOe), and a high curie temperature (Tc ¼ 586 K).3

However, due to their incompatibility with other elements, and
chemical instabilities like rapid oxidation,3 it is extremely
difficult to manufacture stable Nd and Sm-related intermetallic
magnetic nano-materials. Despite recent advances in synthe-
sizing ternary alloys, there are few reports on the fabrication of
lanthanide-based ternary alloy systems, due to highly negative
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reduction potentials of the lanthanides; although they offer
several advantages over mono- and bi-metallic systems. Until
now, large scale physical techniques such as mechanical alloy-
ing, sputtering and melt spinning processes have been widely
used for synthesizing permanent magnetic materials. However,
in most of the cases, the nal products obtained from these
typical fabrication processes are of little use due to their
restricted grain size, uncontrolled morphology, and wide
particle size distribution.3

Recently, solution-based colloidal synthesis approaches have
been reported as superior methods to manipulate the size,
shape, and composition of metal, metal oxide, and semi-
conductor nanostructures of different morphologies.4 Adopting
those approaches, monometallic, bimetallic, even tri-metallic
nanoparticles have been fabricated successfully. As an example,
Sun and Liu et al.5 have reported the synthesis of bimetallic
nanoparticles of controlled size and shape with enhanced
magnetic properties. O’Brien et al.6 have demonstrated the
fabrication of a large variety of composition tunable binary
superlattice structures in the solution phase. Several binary and
ternary magnetic materials such as SmCo and SmCoFe have
also been generated in the last few years due to their strong
application potential as high performance permanent magnetic
materials. Nevertheless, there exist very few reports on the
chemical synthesis and phase transition behaviors of Ln-related
magnetic materials due to the difficulty in nding appropriate
precursors and chemical instability of Ln.7Moreover, there is no
decisive outcome on the ferromagnetic behaviors of the
J. Mater. Chem. C, 2013, 1, 275–281 | 275
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Ln-based magnetic materials obtained by polyol synthesis or
thermal decomposition of Ln precursors.3

Here we report on a general approach for the synthesis of
Ln–transition metal (TM)–boron intermetallic nanoclusters in
aqueous medium along with their formation pathway, and
magnetic phase transformation behaviors. This procedure
should facilitate the otherwise difficult synthesis of Ln-based
nanoclusters and inter-metallic nanostructures in aqueous
medium overcoming themain hindrance associated with highly
negative reduction potential.
Experimental
Synthesis of Nd–Fe–B nanoclusters

For the synthesis of Fe–B primary particles, we used a 250 mL
three-necked round bottom ask as the reactor with two inlets
being used for injecting metal ion solution and high-purity Ar
gas, and the other as an outlet of exhaust for releasing the
generated hydrogen gas. All the precursors used for synthesis
were of the reagent grade. About 0.02 mol of NaBH4 was dis-
solved in 150 mL of nanopure H2O (18.2 MU) under magnetic
stirring in an argon atmosphere. A freshly prepared solution of
FeCl2$4H2O (0.014 mol in 50 mL of H2O) was then added drop-
wise to the previous solution under stirring. Aer 30 min, the
product was collected by centrifugation, washed several times
with distilled water and acetone, and dried under inert
atmosphere.

For the synthesis of Nd–Fe–B nanoclusters, the same
procedure was followed; however, about 0.002 mol of
NdCl3$6H2O was added into the sodium borohydride solution.
The pH of the solution was controlled to 10 by adding an
appropriate amount of 1 M NaOH solution.
Reductive annealing of as-synthesized Nd–Fe–B nanoclusters

To achieve crystallinity, the as-synthesized Nd–Fe–B nano-
clusters were annealed at 500 or 950 �C for 2 h in a tubular
vacuum furnace. Before heating, the sample chamber was evac-
uated to 2 � 10�5 mbar and an Ar + H2 (4%) mixture gas was
purged. The temperature of the furnace was raised either to
500 �C or to 950 �C at the rate of 7 �Cmin�1. Themixture gas ow
was maintained at 100 cc min�1 during the annealing process.
Aer 2 h, the furnace was cooled down to room temperature.
Nd–Fe–B nanocluster characterization

The morphology and elemental composition of the samples
were studied using a JSM-6700F eld emission scanning elec-
tron microscope (FESEM, JEOL) with Oxford JEM-2010 energy
dispersive spectroscopy (EDS) facility attached. High resolution
transmission electron microscopic (HRTEM) images and
selected area electron diffraction (SAED) patterns of the
samples were obtained in a JEOL JEM2010 TEM operated at
200 keV accelerating voltage. UV-visible absorption spectra of
the Nd precursor solution before and aer reduction were
recorded using a Varian, Cary UV-visible spectrometer. The
nature and surface charge density of the primary (Fe–B) and
nal (Nd–Fe–B) particles were measured by a Zeta Potential
276 | J. Mater. Chem. C, 2013, 1, 275–281
Analyzer ver. 2.18 (Brookhaven Instruments Corp). The
composition and chemical state of the components of the
nanoclusters were studied using X-ray photoelectron spectros-
copy (XPS, MULTILAB 2000). The crystal structure of the as-
synthesized and the H2-reduced Nd–Fe–B nanoclusters were
identied using the Cu-Ka radiation source (l ¼ 0.154056 nm)
of a Philips X’Pert-MPD X-ray diffractometer. Thermo-magnetic
analysis (TMA), i.e. recording the magnetic force versus
temperature for the samples, was performed in a thermog-
ravimeter containing a microbalance with magnetic eld
gradient positioned below the sample. For TMA, the samples
were heated and cooled down at a rate of 7 �C min�1. Magne-
tization curves of the samples were recorded at room tempera-
ture (RT) in a SQUID magnetometer (Quantum Design, MPMS
XL 7) aer xing the powder samples on the sample holder with
wax to prevent their physical movement.
Results and discussions

Our synthesis procedure is based on the successive reduction of
Fe and Nd salts and the coordination betweenmetal and oxygen
in their aqueous solutions using sodium borohydride (NaBH4)
as the reducing agent. Precipitation of metals from their
aqueous solution requires the chemical reduction of their
cations. The chemical reduction of metal cations is based on the
change in Gibbs free energy of the reaction, DG0 ¼ �nFE0 (F is
the Fermi energy of the metal and E0 is the standard reduction
potential), which must be favorable for electron transfer.8 The
standard reduction potential of B(OH)3 or BH4

�, which act
favorably in several redox systems, E0 ¼ �0.481 eV, and any
metal ion with E0 higher than �0.481 eV can be reduced to
neutral atom in aqueous borohydride solution. For example, the
reduction of TM cations such as Fe2+/Fe0 [E0 ¼ �0.447 eV] and
Co2+/Co0 [E0 ¼ �0.28 eV] can be easily performed using boro-
hydride solution. The main problem related to the chemical
synthesis of Ln-based nanoclusters is the reduction of trivalent
Ln cations. Due to highly negative reduction potential of Ln3+

cations, metal ions like Nd3+, Sm3+, and Pr3+ are very difficult to
be reduced even using very strong reducing agents like boro-
hydride derivatives. In the case of Nd, the reduction potential
for Nd3+/Nd0 is E0 ¼ �2.323 eV, which is much lower than the
borohydride system, B(OH)3–BH4

� [E0 ¼ �0.481 eV]. Finding a
new synthesis approach that overcomes this problem is there-
fore essential.

We have developed a reaction pathway that can overcome the
energy requirement problem associated with the conversion of
Ln3+ ion to Ln0 via co-reduction of TM cations. The approach
follows our recently developed technique on the surface
chemistry of supported nanoparticles.9 Under hydrophilic
conditions, a surface-mediated reduction can take place in
which strong nucleophiles are formed on the surface of primary
nanophase. Metal cations could be reduced to metal atoms on
the surface of the primary particles causing the deprotonation
of hydroxyl ligands (–OH) with the reducing agent in aqueous
medium. Inuence of the pH value of the reaction solution has
been widely studied to manipulate Ln-oxide and Ln-hydroxide
nanocrystals obtained using Ln3+ cations.7b,10 During reaction in
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Survey (top-left), and high resolution XPS spectra of as-synthesized Fe–B
(black) and as-synthesized Nd–Fe–B (green) samples showing O 1s, Fe 2p3, and Nd
3d5 regions with corresponding peak deconvolutions. While the 530.9 eV posi-
tion of O 1s peak in the Fe–B sample corresponds to the formation of Fe–O, the
components at 531.5 eV and 528.5 eV in the as-synthesized Nd–Fe–B sample
correspond to the FeB–O and Nd–O states, respectively.
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an aqueous borohydride system, the nucleation of TM particles
occurs simultaneously with their aggregation into large nano-
particles, as documented in several review articles.8a,11 Although
it is difficult to observe each of these steps individually, the
primary nucleation can be driven by the solution itself, in which
the metal ions are reduced.8a In the case of TM–Ln bimetallic
systems, it is expected that the TM nucleates and grows as
primary nanoparticulates at the initial stage of the reaction in
an aqueous borohydride system, as the standard reduction
potential of TM2+/TM0 is more positive than that of Ln3+/Ln0.8

The Ln3+ cations can be bonded to the TM particles and reduced
to Ln0 under hydrophilic conditions; i.e. the secondary nucle-
ation of Ln can be catalyzed by the presence of the primary TM
nanoparticles with lower activation energy than that initially
required for Ln3+ reduction. The secondary phase can be
formed on the surface of the primary particles and can grow
along with during the synthesis process. During the reduction
process, the metallic Ln can form a secondary phase, possibly
suppressing the growth of primary particles, resulting in
discrete structures as can be seen from the HRTEM image of the
Nd–Fe–B nanoclusters with the composition Nd (10 at.%), Fe
(70 at.%) and B (20 at.%) presented in Fig. 1. The effect of TM on
the reduction of Ln cations is very clear from the UV-visible
spectra (Fig. 6) of hydrated Nd(III) solution before and aer the
addition of TM salt, which is discussed later.

The X-ray photoelectron spectra of the as-synthesized
nanoclusters with and without Nd are presented in Fig. 2.
Considering the Fermi level as reference (Ef ¼ 0), emission
bands related to Fe 2p3 in Fe–B or elemental Fe should be
observed at about 706.6 eV.12 However, the Fe 2p3 and O 1s
Fig. 1 Typical high (a) and low (b) resolution TEM images of as-synthesized Nd–
Fe–B nanoclusters. The high resolution TEM image revealed that each nanocluster
consists of several smaller particles. The typical EDS spectrum (c) and SAED pattern
(d) of the as-synthesized Nd–Fe–B nanoclusters with the composition Nd
(10 at.%), Fe (70 at.%) and B (20 at.%) are presented.

This journal is ª The Royal Society of Chemistry 2013
emission bands in our as-synthesized primary (Fe–B) particles
are observed at about 711.7 eV and 530.9 eV, respectively. Such
high energy shis of the binding energies of valence electrons
of O 1s and Fe 2p3 orbitals are due to the formation of Fe–O and
Fe–OH chemical bonds. Observed binding energy shis of Fe
2p3 and O 1s orbitals are typical of Fe(II) and Fe(III) in iron oxide
and hydroxides.12,13 Such a high energy shi of the binding
energy of Fe 2p3 suggests that the surface of the as-synthesized
primary Fe–B nanoparticles is nucleophilic due to the existence
of oxygen and hydroxyl ions. Under hydrophilic conditions, a
surface-mediated reduction process can take place in which
strong nucleophiles are formed on the surface of the primary
nanoparticle, causing the deprotonation of hydroxyl ligands
(–OH). The nucleophilic parts (–O–) can then lower the activa-
tion energy and interact with metal cations in the solution.9 In
comparison with the as-synthesized primary particles (Fe–B),
the as-synthesized Nd–Fe–B nanoparticles revealed O 1s emis-
sion with components at about 531.5 eV and 528.5 eV, which
Fig. 3 Schematic presentation of chemical bonding between Ln and TM
through oxygen bridging (a), and electron distribution of oxygen in TM–O–Nd
and TM–O–H (b). Note that due to the shift of the electron cloud towards Nd, the
binding energy of O observed in the XPS spectrum of FeB–O–Nd is lower than the
binding energy of O in FeB–O–H.

J. Mater. Chem. C, 2013, 1, 275–281 | 277
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Fig. 5 FESEM micrograph and elemental mapping (a), TEM image (b), and EDS
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correspond to the typical binding energies of oxygen in FeB–O
and Nd–O chemical bonds, respectively.11 We attribute these
observations primarily to the formation of the oxygen bridge
between Nd and Fe atoms in the form of Nd–O–Fe (Fig. 3).

The O 1s binding energy in different oxides varies between
528.0 and 533.5 eV depending on the degree of ionicity of the
metal-oxygen bonds.14 Some oxides such as La2O3 and Ce2O3

exhibit very low O 1s binding energies, which lie in-between
529.5 and 528.0 eV, due to their high ionicity (>90%). Higher
ionicity of the counter cation in an oxide decreases the binding
energy of the core element.13 Therefore, valence electrons of
oxygen atoms would be shied more toward H in TM–O–H than
towards Nd in TM–O–Nd. As the result, the ejection of core
electrons of O from TM–O–H would be more difficult than from
TM–O–Nd. Observation of the O 1s emission peak at a lower
binding energy in the case of TM–O–Nd than in TM–O–H is the
result of the above mentioned phenomenon. A schematic
presentation of oxygen bridging between Fe and Nd in our as-
synthesized Nd–Fe–B sample and valence electron distribution
Table 1 Core level binding energies of elemental transitions in as-synthesized
Fe–B and Nd–Fe–B nanoclusters

Element

Binding energy (eV)

Reported binding
energy (eV)Fe–B phase

Nd–Fe–B
nanocluster

Fe 2p3 711.7 711.7 706.6 (metallic Fe–Fe, ref. 12)
O 1s 529.9 (ref. 12)
Fe–O–H 530.9 531.5 530.2 (ref. 12 and 13a)
Fe–O–Nd — 528.5 529 (Nd2O3, ref. 12)
Nd 3d5
Nd–Nd — 980.5 980.9 (metallic Nd–Nd, ref. 12)
Nd–O — 983.8 984.2 (Nd oxide, ref. 12)

Fig. 4 XRD patterns of Nd–Fe–B nanoclusters: as-synthesized (a), after reductive
annealing at 500 �C for 2 h (b), and after reductive annealing at 950 �C for 2 h (c).
Standard peak positions for Nd2Fe14B (JCPDS 86-0273) are indicated at the
bottom. Peaks corresponding to the Fe–B phase are marked by (*, JCPDS
75-1065).

spectrum (c) of the Nd–Fe–B nanoparticles after annealing at 950 �C for 2 h in a
reducing atmosphere.

278 | J. Mater. Chem. C, 2013, 1, 275–281
of oxygen in it are shown in Fig. 3. Deconvolution of the Nd 3d5
XPS peak in our as-synthesized Nd–Fe–B sample indicates that
it consists of metallic Nd–Nd (at 980.5 eV) and Nd–O (at
983.8 eV) components (Fig. 2).11–14 Table 1 summarizes the XPS
binding energies of all the elemental transitions in as-synthe-
sized primary (Fe–B) and as-synthesized secondary (Nd–Fe–B)
nanoclusters.

Our XPS results strongly suggest that Ln3+ ions can be cata-
lyzed, bonded and then reduced on the surface of the primary
particles. Despite their highly negative reduction potentials, the
Ln3+ cations could be easily reduced to Ln atoms with the help
of borohydride reductor together with the electrostatic inter-
action of the negatively charged TM–B surface. The electrostatic
interaction of the Ln3+ ions with the negatively charged surface
of Fe–B primary particles has also been conrmed through zeta
Fig. 6 UV-visible spectra of aqueous Nd precursor solution (black) and the
residue collected 30min after the addition of TM salt (green). The peaks appeared
in the Nd precursor sol correspond to the Nd3+ ions.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 DSC (black) and TGA (blue) traces of the as-synthesized Nd–Fe–B nano-
clusters recorded in an Ar atmosphere with a heating rate of 10 �C min�1. Fig. 8 The magnetization curves of the as-grown Nd–Fe–B nanoclusters (black),

after reductive annealing at 500 �C (blue) and after reductive annealing at
950 �C (green).
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potential analysis of the samples (see ESI, Fig. S1†). Based on
the results of XRD (Fig. 4) and EDS (Fig. 5) analysis of the
samples, it is clear that the synthesized Nd–Fe–B nanoclusters
with the composition Nd (10 at.%), Fe (70 at.%) and B (20 at.%)
aer reductive annealing at 950 �C turns out to be the inter-
metallic Nd2Fe14B compound.

The effect of oxygen bridging on the reduction of Ln cations
is very clear from the UV-vis absorption spectra (Fig. 6) of the
Nd(III) precursor solution containing borohydride before and
aer the addition of the TM precursor. Formation of primary
particles (Fe–B) and nucleation of the secondary phase over
them are very clear from the TEM images (see ESI, Fig. S2 and
S3†) and the UV-vis spectrum of the nal product. Differential
scanning calorimetry (DSC) (Fig. 7) and XRD traces revealed the
transformation process of the as-grown nanoclusters to the nal
inter-metallic compound. The DSC thermogram of the as-
synthesized Nd–Fe–B nanoclusters revealed three exothermic
peaks at about 273, 450, and 640 �C. While the rst exotherm at
273 �C might be attributed to an amorphous to crystalline
transition of iron oxide in the sample, the second exotherm (at
450 �C) might be due to subsequent bonding and coarsening of
crystalline particles. The last exotherm at 640 �C can be attrib-
uted to the formation of neodymium oxide in the sample.15 The
reduction-diffusion process during reductive annealing of as-
grown Nd–Fe–B nanoclusters at high temperature (e.g. 950 �C)
passes through all these three transitions. From the XRD
patterns presented in Fig. 4, we can also see that the as-
synthesized Nd–Fe–B clusters are mostly amorphous and they
crystallize to the ferromagnetic Nd2Fe14B tetragonal phase
(JCPDS 86-0273) on thermal annealing in a reducing atmo-
sphere. Therefore we believe that under reductive annealing,
the as-grown amorphous nanoclusters of the mixed phase pass
through several compositional changes at subsequent temper-
atures, reaching nally to the inter-metallic Nd2Fe14B compo-
sition at a temperature higher than 800 �C.

The magnetic behaviors of the as-synthesized and reduc-
tively annealed samples were studied using a Superconducting
Quantum Interference Device (SQUID) magnetometer at RT. As
This journal is ª The Royal Society of Chemistry 2013
expected, the as-synthesized amorphous Nd–Fe–B clusters
revealed their so-magnetic behavior (Fig. 8). Aer the reduc-
tive annealing treatment at 950 �C, the nanostructures were
converted fully to the ferromagnetic phase. The hysteresis loops
of the annealed samples revealed drastically higher coercivity in
comparison with that of the as-synthesized nanoclusters. The
coercivity (Hc) of the sample reductively annealed at 950 �C (and
obviously of Nd2Fe14B phase) was about 2400 Oersted (Oe), with
remanance (Mr) of 51 emu g�1, and saturation magnetization
(Ms) as high as 110 emu g�1. The results suggest that Nd aer
reduction diffuses into the primary TM phase, changing it to a
ferromagnetic material.

Gong et al.16 have reported a higher Ms value (153 emu g�1)
for their nanostructured Nd2Fe14B sample of an average grain
size of �50 nm with coercivity of 7.4 kOe. Hou et al.3c have
reported the synthesis of SmCo5 nanomagnets of about 32 nm
grain size with room temperature Ms on the order of 55 emu
g�1, a coercivity of about 8.0 kOe and remanence in between 40
and 50 emu g�1. It must be noted that though the TEM esti-
mated average (ca.) particle size (p) of our reductively annealed
Nd–Fe–B nanostructures (i.e.Nd2Fe14B phase) was about 90 nm,
their XRD estimated (using Scherrer formula

p ¼ 0:9l

b cos q
;

where l is the X-ray wavelength and b is the full width at half
maximum of the diffraction peak) average grain size was about
35.0 nm only. Though the Ms and coercivity of our Nd2Fe14B
nanostructures are lower than the values of the Nd2Fe14B phase
reported by Gong et al.16 due to smaller grain size and higher
magnetocrystalline anisotropy, the values are much higher than
the corresponding values of nanocrystalline SmCo5 reported by
Hou et al.,3c which is believed to be a better candidate for the
fabrication of permanent magnets. The results presented in this
article demonstrate how the Ln–transition metal (TM)–boron
inter-metallic compound exhibiting near-ideal magnetic
behaviour can be synthesized through a chemical reduction
J. Mater. Chem. C, 2013, 1, 275–281 | 279
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Fig. 9 Schematic representation of the formation process of an intermetallic
ternary alloy from amorphous nanoclusters (A and B). TMA curves of the as-
synthesized and reductively annealed Nd–Fe–B alloy are presented in (a) and (b),
respectively.
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process despite the otherwise difficult synthesis of Ln based
inter-metallic nanostructures.

The magnetic moment and its temperature dependence are
the most signicant characteristics of magnetic materials. The
formation process of binary and ternary magnetic alloys can be
conrmed through their ferromagnetic–paramagnetic transi-
tion temperature, known as the Curie temperature, Tc, esti-
mated from their thermo-magnetic analysis (TMA). TMA results
presented in Fig. 9 reveal the formation of the nal product
through the formation of binary and ternary alloys, and the
temperature dependence magnetization follows crystallization
kinetics revealed by DSC and XRD analysis. The TMA curve of
the as-synthesized product exhibited a magnetic behavior of
amorphous Ln–TM–B (amorphous Nd–Fe–B phase, Tc ¼ 140 �C)
along with the Fe–B (i.e. 490 �C « Tc « 600 �C) phase. The
formation of the intermetallic Nd2Fe14B phase (Tc ¼ 312 �C)
aer reductive annealing is clear from the TMA curve presented
in Fig. 9b.3,17 However, during the high temperature reduction
process, apart from the reduction of lanthanum oxide and its
diffusion into the primary phase (Fe–B) to form a ternary
Nd2Fe14B compound, the stoichiometrically excess Fe in the a-
Fe magnetic phase (Tc ¼ 760 �C) remains in the nal product.
We are working on the optimization of the synthesis process to
eliminate this excess Fe from the nal product.

As can be seen from the XRD patterns (Fig. 4), the as-
synthesized Nd–Fe–B nanoclusters are amorphous in nature.
However, on reductive annealing at 950 �C apart from reducing
the oxides, inter-diffusion of the elements takes place, resulting
in the formation of oxygen free crystalline Nd2Fe14B, as has
been observed by Sun et al.5a Appearance of sharp diffraction
280 | J. Mater. Chem. C, 2013, 1, 275–281
peaks corresponding to the Nd2Fe14B phase in the sample
reductively annealed at 950 �C indicates that the temperature is
suitable for reduction of oxides and interface diffusion of
elements leading to the formation of a Nd2Fe14B phase as has
been shown schematically in Fig. 9.

Our synthesis process demonstrates a direct pathway for
obtaining ternary inter-metallic nanoclusters with outstanding
magnetic properties without using their micrometer sized oxide
precursors and subsequent thermal treatments in the presence
of CaH2. The nanometer sized primary particles fabricated in
our synthesis process certainly have a higher reduction rate
than the conventional micrometer sized oxide precursors.
Conclusions

In summary, we have developed a facile, one-pot chemical
synthesis process for Nd–Fe–B nanoclusters with oxygen
bridging, which overcomes the reduction problem of lantha-
nide cations of highly negative reduction potential, the main
hindrance for the fabrication of inter-metallic permanent
magnets. The oxygen bridging between the Nd3+ ions and the
negatively charged surface of the preformed Fe–B particles
allows the conversion of Nd3+ cations into Nd. The resulting
amorphous so-magnetic nanoclusters can be transformed to
the crystalline ferromagnetic Nd2Fe14B phase with high coer-
civity and high saturation magnetization through reductive
annealing at high temperature. While the oxygen-bridging
between Ln cations and primary particles is of signicant
importance for binding the Ln ions on the primary particle
surface, a high temperature reductive annealing process is
essential for the inter-diffusion of the elements and reduction
of their oxides to form pure inter-metallic nanostructures.
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