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A facile organic-phase synthesis of monodisperse barium-doped
iron oxide (Ba-Fe-O) nanoparticles (NPs) is reported. The Ba-Fe-O
NPs can be converted into hexagonal barium ferrite NPs at 700°C,
showing strong ferromagnetic properties with H. reaching 5260 Oe
and M; at 54 emu/g. Moreover, the Ba-Fe-O NPs can be assembled
into densely packed magnetic arrays, providing a unique model
system for studying nanomagnetism and for nanomagnetic
applications.

Magnetic iron oxide nanoparticles (NPs) with controlled size
and magnetic properties have attracted tremendous research
and development interests due to their great application
potentials for future nanomedicine,l'8 high performance ferrite
magnets,g'11 and high density magnetic tape recording.“"13
There are two common types of magnetic iron oxides: the
cubic structured spinel-type ferrites with a general formula
MFe,0, (M = Mn, Fe, Co, Ni, etc) and hexagonal barium ferrite,
or BaFe, with a general formula BaFe;,0,4. The spinel ferrites
are magnetically isotropic and weakly ferrimagnetic. In
contrast, the hexagonal BaFe support anisotropic spin
alignment along the crystallographic c-direction and their
magnetocrystalline anisotropy can reach 5 x 10° J/mg.w'15 This,
plus their chemical stability, makes BaFe a class of well-known
permanent magnet materials.™* Recently, the hard magnetic
BaFe were also prepared in nanostructured plates and tested
as a new medium for magnetic tape recording.m'20 To
maximize the magnetic recording density in tape recording
media and magnetic energy storage capability in ferrite
magnets, uniform BaFe NPs with controlled magnetic
properties need to be prepared and assembled in either two
dimensional (2D) arrays (for magnetic recording) or densely-
packed 3D stacks (for permanent magnets).

BaFe is normally synthesized by solid-state reactions
between Ba- and Fe-precursors at temperatures higher than
1000 °C due to the need to form hexagonal structure from the
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normal cubic oxide precursors.
solid reaction between metal hydroxidesm’25 or iron oxide and
carbonate,zs'28 hydrothermal
hydroxides followed by annealing,zg'31 and organic phase
preparation of Fe;0,/BaCO; core/shell NPs followed by
annealing in 02.32 However, these solid state reactions and
high temperature annealing often result in incomplete alloy
formation between the Ba- and Fe-oxides. The high
temperature diffusion between Ba- and Fe-precursors also
causes uncontrolled sintering of BaFe, making it extremely
difficult to control BaFe sizes and magnetic properties. To
develop a better approach to BaFe NPs and their assemblies,
we tested the organic-phase decomposition of both Fe- and
Ba-precursors at temperatures above 200°C. We found that
Ba-doped iron oxide NPs, denoted as Ba-Fe-O NPs, could be
easily prepared by thermal decomposition of Fe(acac); (acac =
acetylacetonate) and Ba(stearate), at 320°C in 1l-octadecene
with oleic acid and oleylamine as surfactants. The as-
synthesized Ba-Fe-O NPs were well-dispersed in hexane and
could be easily assembled into 2D arrays. Upon thermal
annealing, these NPs were converted to hexagonal BaFe NPs,
showing much enhanced magnetic properties. Moreover, the
synthesis could be generalized to make other doped iron oxide
NPs, as demonstrated in the synthesis of strontium-doped iron
oxide (Sr-Fe-O) NPs and hexagonal SrFe NPs. Here we highlight
this new synthesis and self-assembly of Ba-Fe-O NPs to
hexagonal BaFe magnet arrays.

To prepare Ba-Fe-O NPs, Fe(acac); and Ba(stearate), were
dissolved in 1-octadecene solution of oleic acid and oleylamine
and the solution was heated at 320 °C for 1.5 h (See the ESIt
for experimental details). Ba composition in the NP structure
was analyzed by inductively coupled plasma—-atomic emission
spectroscopy (ICP-AES). In the synthetic condition with the
amount of Fe(acac); (300 mg) and oleic acid (1 mL) fixed, the
composition of Ba in Ba-Fe-O NPs was controlled by the
amount/concentration of Ba(stearate), or oleylamine (Table
1). For example, adding 20 mg of Ba(stearate), to the reaction
mixture produced Ba-Fe-O NPs with a Ba/Fe atomic ratio of
0.04, denoted as Bag g4-Fe-0. 40 mg (or 60 mg) of Ba(stearate),

barium reaction of metal
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gave Baggss-Fe-O (or Bagges-Fe-O) NPs. In the synthesis, we

also noticed that oleylamine played two roles in NP
stabilization and in promoting metal precursor
33,34

decomposition. Reacting 300 mg of Fe(acac); with 60 mg of
Ba-stearate in 8 mL oleylamine and 7 mL 1-octadecene yielded
Bag g75-Fe-O NPs. By reducing the volume of 1-octadecene to 3
mL, Bagps-Fe-O NPs were obtained. These NPs have the Ba
composition close to the ideal Ba/Fe ratio of 0.083 in the pure
BaFe phase. If only oleylamine was used as the solvent, then
Bag gos-Fe-O NPs were synthesized. The Ba/Fe ratio of 0.095 is
very close to the initial precursor  ratio  of
Ba(stearate),/Fe(acac); (0.099) used in the reaction, indicating
almost complete precursor decomposition and metal ratio
carry-over to the final Ba-Fe-O product.

Table 1. Experimental conditions for synthesizing Ba-Fe-O NPs
with different Ba compositions (the amount of Fe(acac); and oleic
acid was fixed to be 300 mg and 1 mL, respectively).

Reaction  Ba(stearate), Oleylamine  Octadecene Bai(-;z-o
1 20 mg 6 mL 12 mL 0.040
2 40 mg 6 mL 12mL 0.055
3 60 mg 6 mL 12 mL 0.065
4 60 mg 8 mL 7 mL 0.075
5 60 mg 8 mL 3mL 0.082
6 60 mg 8mL 0mL 0.095
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Fig. 1 (A) TEM image of the as-synthesized Bag ¢cs-Fe-O NPs. (B)
HR-TEM image of a representative Bags-Fe-O NP. (C) TEM
image of the as-synthesized Bag ¢s>-Fe-O NPs.

Fig. 1A shows a typical transmission electron microscopy
(TEM) image of the 15 £+ 0.5 nm Bag g4-Fe-O NPs NPs. The high-
resolution TEM image of a representative NP is shown in Fig.
1B. The distance of the lattice fringe was measured to be ~2.6
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A, corresponding to the lattice spacing of (311) planes in the
spinel Fe;0,. Crystal defects are also visible in the NP as
marked by the dashed circular lines, which can be ascribed to
the lattice mismatch caused by the Ba doping. Fig. 1C shows
the TEM image of the monodisperse Bag gs,-Fe-O NPs of 13 +
0.5 nm. TEM images of the as-synthesized Ba-Fe-O NPs with
other Ba compositions are shown in Fig. S11. The Ba-Fe-O NPs
were further characterized by energy dispersive X-ray (EDX)
spectroscopy. Fig. S2t is the EDX spectrum of the Baggg,-Fe-O
NPs deposited on Si, confirming the existence of Ba and Fe at
the atomic ratio of 0.093, which is close to that obtained from
the ICP-AES analysis.
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Fig. 2 (A) XRD patterns and (B) Room temperature hysteresis
loops of the Bagos-Fe-O NPs before and after O, annealing
treatment. (C) XRD patterns and (D) Room temperature
hysteresis loops of the Ba-Fe-O NPs with different Ba
compositions after annealing in O, at 700 °C for 1 h.

X-ray diffraction (XRD) pattern of the as-synthesized Bag g4-
Fe-O NPs is shown in Fig. 2A. The pattern matches with the
spinel Fe;0, structure but the broad diffraction peaks infer the
presence of small crystalline domains, which supports what is
observed from Fig. 1B. The magnetic hysteresis loop of the as-
synthesized Bagg4-Fe-O NPs (Fig. 2B) indicates that these NPs
are magnetically soft. Due to the existence of Ba and the
induced crystal defects, the saturation moment (M) of the NPs
is relatively small (31 emu/g) compared to the pure single
crystalline Fe;0, NPs at a similar size (~ 65 emu/g).33 In order
to convert the as-synthesized Ba-Fe-O NPs into BaFe NPs, we
first tested different annealing conditions to ensure that Fe;0,
structure could be oxidized to 0c—Fe203,35 followed by the
formation of BaFe phase via the diffusion of Ba’" into a-Fe,03
lattice.® In 0, at 600 °C for 1 h, the Bag gs-Fe-O NPs show no
obvious structure change and diffraction peaks become
sharper (Fig. 2A), indicating the annealing enlarges the crystal
domain within each NP, which is further supported by their
soft magnetic property with higher M, than the as-synthesized
NPs (Fig. 2B). Bag og-Fe-O NPs behave similarly once annealed
the same way (Fig. $31). When annealed at 700 °C in O, for 1
h, the as-synthesized Bagg,-Fe-O NPs are converted into
hexagonal BaFe (Fig. 2A), which is ferromagnetic with the
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coercivity (H,.) of 2800 Oe and M; of 40 emu/g (Fig. 2B). Both
XRD and magnetic data (the loop shows a two-phase behavior)
indicate that in the annealed Bagg,-Fe-O NPs, the o-Fe,03
phase co-exists with the BaFe phase due to the non-
stoichiometric composition of Ba in the NP structure. The
increase of Ba composition from 0.055 to 0.065 reduces the
amount of a-Fe,0; presented in the annealed Ba-Fe-O NPs
(Fig. 2C). When the Ba composition is above 0.075, no obvious
diffraction peaks of a.-Fe,05 are observed for the annealed Ba-
Fe-O NPs (Fig. 2C). The diffraction peaks of the annealed
Bag pg2-Fe-O NPs match well with those of the hexagonal BaFe,
indicating the formation of pure BaFe phase (Fig. 2C). It is
worth noting that our annealing is performed at lower
temperature and shorter time than previous syntheses,“'29
therefore, the NP morphology is better preserved.

Ba/Fe composition dependent magnetic properties of the
annealed Ba-Fe-O NPs were studied and their hysteresis loops
are shown in Fig. 2D. As the Ba composition increases from
0.055 to 0.082, the H. of the annealed NPs increases from
3120 Oe to 5260 Oe (Fig. S4T). Their M increase as well from
42 emu/g to 54 emu/g due to the increased BaFe phase purity,
which is further confirmed by the single-phase hysteresis loop
from the annealed Bag gg,-Fe-O NPs. When the atomic ratio of
Ba/Fe is over the optimal value required for the formation of
BaFe (0.083) at 0.095, the annealed NPs show a decreased H,
(5150 Oe) and M (50 emu/g).

The above results demonstrate that the new synthetic
method described in this paper is a facile approach to Ba-Fe-O
and further to hard magnetic BaFe NPs. It is worth
emphasizing that this synthetic method can be readily
extended to the synthesis of Sr-Fe-O NPs. For example, by just
replacing Ba(stearate), with the same amount of Sr(stearate),
in the synthesis of Baggg,-Fe-O NPs, Sr-Fe-O NPs were
synthesized (Fig. S5T) with the size of 15 + 1 nm. EDX spectrum
of the as-synthesized NPs (Fig. S61) confirms the Sr doping and
the Sr/Fe ratio of 0.078. After annealed at 700°C for 1 h in O,,
the NPs are ferromagnetic with the H. of 4500 Oe and M; of 50
emu/g (Fig. S7t), indicating the formation of hexagonal SrFe.

The as-synthesized Ba-Fe-O NPs are well dispersed in
hexane, allowing easy self-assembly of these NPs into well-
defined NP arrays. Using water-air interface self-assembly
methcd,la”37 we fabricated a monolayer assembly of the
Bag g-Fe-O NPs. Fig. 3A shows a TEM image of the monolayer
assembly transferred onto a carbon coated Cu grid. SEM image
of the monolayer array transferred onto a Si substrate is
shown in Fig. 3B. After O, annealing at 700 °C for 1 h, the
morphology of the monolayer was well maintained, as shown
in Fig. 3C. No obvious NP sintering/aggregation in the
monolayer array was observed. However, the magnetic signal
generated from this monolayer array is too weak to be easily
detected. To increase the magnetic signal from the assembly,
we prepared a multilayer array of the Bag gg,-Fe-O NPs by drop-
casting the NP dispersion (hexane, 0.5 mg/mL) directly on a Si
substrate and by controlling the evaporation of hexane. Fig. 3D
& S81 show the SEM images of the densely packed assemblies
of the Baggg-Fe-O NPs. Different from the monolayer
assembly that maintains the morphology after O, annealing

This journal is © The Royal Society of Chemistry 2015
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treatment, the multilayer assembly exhibits some NP
aggregation/sintering after the same treatment (Fig. 3E).
However, the grain size of the NPs after annealing is still
around 50 nm. Room temperature magnetic properties of the
annealed multilayer assembly were measured with the
magnetic field perpendicular (out-of-plane) and parallel (in-
plane) to the assembly plane. Fig. 3F is the hysteresis loops of
the annealed assembly. The in-plane loop shows the H, of
4100 Oe, which is much larger than that of the out-of-plane
one (H.= 2050 Oe). Moreover, the in-plane loop is squarer
compared to the out-of-plane loop, suggesting the easy axis of
the magnetization lies in the plane of the film. Such assembly
may be especially useful to fabricate 3D stacks of BaFe NPs as
new nanostructured magnets for energy product optimization.

—— Out-of-plane
—— In-plane

=

-15 -10

Moment (memu)

5 5 10 15
Field (kOe)

Fig. 3 (A) TEM image of the monolayer assembly of Bag os-Fe-O
NPs. (B) SEM image of the monolayer assembly deposited on a
Si substrate. (C) SEM image of the monolayer assembly after
annealing in O, at 700 °C for 1h. (D) SEM images of the
multilayer assembly of Bagos:-Fe-O NPs deposited on a Si
substrate from the drop-casting method. (E) SEM image of the
multilayer assembly after annealing in O, at 700 °C for 1h. (F)
Room temperature hysteresis loops of the multilayer assembly
after annealing in O, at 700 °C for 1h.

Conclusions

In conclusion, we have reported a facile organic-phase
synthesis of monodisperse Ba-Fe-O NPs through thermal
decomposition of Ba(stearate), and Fe(acac); in 1-octadecene
with oleic acid and oleylamine as surfactants. The Ba/Fe
composition is tuned from 0.04 to 0.095 by controlling the
ratio of Ba(strearate),/Fe(acac); or by the volume of
oleylamine and 1-octadecene. The as-synthesized Ba-Fe-O NPs,

especially the Baggg,-Fe-O NPs, can be easily converted into
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hexagonal BaFe by annealing in O, atmosphere at 700 °C for 1
h, showing strong ferromagnetic properties with H. reaching
5260 Oe and M, of 54 emu/g. More importantly, these
monodisperse Ba-Fe-O NPs are well dispersed in hexane and
can be easily assembled into densely packed 2D arrays and
further converted into oriented BaFe magnets. Our reported
synthetic method and self-assembly approach can also be
extended to Sr-Fe-O and ferromagnetic SrFe NPs, providing a
unique way of fabricating ferromagnetic ferrite arrays that
may be important for magnetic energy storage and data
storage applications.
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