7242

Chem. Mater. 2008, 20, 7242-7245
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This paper reports an improved synthesis of hard magnetic fct-FePt nanoparticles (NPs) from reductive
annealing of fcc-FePt/Fe;04/MgO NPs followed by MgO removal. The fcc-FePt/Fe;O4 NPs are made by
a one-pot reaction of Pt(acac), with Fe(CO)s in the presence of oleic acid and oleylamine and are coated
with a layer of MgO via the thermal decomposition of Mg(acac),. The MgO coating prevents FePt from
sintering under high temperature reductive annealing conditions. The fct-FePt NPs obtained from the
650 °C annealing of the fcc-FePt/Fe;04/MgO NPs show a coercivity value of 2 T at 300 K, suitable for

various nanomagnetic applications.

Introduction

Magnetic iron—platinum (FePt) nanoparticles (NPs) made
from solution phase chemical syntheses have shown great
potential for high performance permanent magnet,' > high
density data storage,* ® and highly efficient biomedicine
applications.””® Their magnetic properties can be tuned not
only by NP sizes but also by Fe, Pt composition and Fe, Pt
atomic arrangement in the FePt alloy structure. Due to the
high magnetocrystalline anisotropy and robust chemical
stability, face-centered tetragonal (fct) FePt NPs are par-
ticularly interesting as models for nanomagnetism study'*"!
and as building blocks for constructing single NP information
storage media.* ® The fct-FePt NPs are commonly made by
annealing face centered cubic (fcc) FePt NPs at high
temperatures, usually >550 °C."~'* But this high temper-
ature annealing also results in various degrees of NP ag-
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gregation and sintering, deteriorating the quality of NP arrays.
To avoid this aggregation/sintering problem, FePt NPs are
either coated with SiO,">'® or MgO'” or grinded with a large
excess of NaCl'®!'? before high temperature annealing is
applied. The controlled MgO coating is especially interesting
as it not only protects FePt NPs from sintering at tempera-
tures up to 800 °C'” but also provides a model system for
studying magnetic tunneling between FePt NPs with poten-
tially much higher magneto-resistance than the thin film
structure.”® Further, the MgO shell can be removed readily
by a dilute acid washing, giving either fcc-FePt or fct-FePt
NPs with minimum surface contamination for catalytic
applications.?' =3

Here we report an improved approach to fct-FePt NPs and
their hexane dispersion via reductive annealing of FePt/
Fe;04/MgO followed by MgO removal. In the FePt/MgO
NP system reported previously,'” the robust MgO coating
is found to limit the mobility of the Fe, Pt atoms in the FePt
structure, making the fcc to fct conversion so difficult that
even at 750 °C for 6 h, the FePt structure is not fully fct-
ordered. In the current approach, the Pt-rich fcc-FePt/Fe;O4
NPs were first made and coated with a thin layer of MgO.
The FePt/Fe;04/MgO NPs were then reduced by Ar + H,
(5%). Due to the interfacial diffusion between Pt and Fe,
well-ordered fct-FePt NPs were obtained at 650 °C for 6 h,
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100 °C lower than that for the formation of fct-FePt from
the fcc-FePt/MgO NPs. In the FePt/Fe;04/MgO structure,
the Fe;0, shell thickness was used to control the final FePt
composition. For example, the 12 nm fct-Fes,Ptss NPs were
synthesized by annealing 7 nm/2.5 nm fcc-FePt/Fe;04/MgO
NPs. Their coercivity reached 3.2 T at 5 K and 2 T at 300
K. They could be stabilized by hexadecanethiol and oleic
acid and redispersed in hexane by the MgO removal and
NP extraction process.'’ The FePt NPs prepared in this work
are suitable for various nanomagnetic and catalytic applications.

Experimental Section

Chemicals. Iron pentacarbonyl (98%), oleic acid (OA) (90%),
oleylamine (OAm) (>70%), 1-octadecene (90%), and 1,2-tetrade-
canediol (98%) were purchased from Aldrich. Platinum(II) acety-
lacetonate, Pt(acac), (98%), and magnesium(Il) acetylacetonate,
Mg(acac), (98%), were purchased from Strem. Hydrochloric acid
was purchased from EMD chemicals. All syntheses were carried
out under a standard airless condition using the Schlenk line. The
commercially available reagents were used without further
purification.

Synthesis of FePt/Fe;04 NPs. To get ~12 nm FePt/Fe;O4 NPs
by one-pot synthesis, 0.5 mmol of Pt(acac),, 4 mmol of OA, and
4 mmol of OAm were mixed with 10 mL of 1-octadecene under
gentle argon gas flow. The mixture was heated up to 120 °C, and
0.20 mL of Fe(CO)s was added under the blanket of argon gas.
The solution was heated to 240 °C for 30 min to ensure
decomposition of Fe(CO)s and growth of FePt NPs and followed
by refluxing and short time air oxidation at 320 °C for 30 min.
The heating source was removed, and the solution was cooled down
to room temperature. The black product was precipitated by adding
40 mL of absolute ethanol and separated by centrifugation. The
dark yellow supernatant was discarded, and the precipitate was
dispersed in 15 mL of hexane. By adding 20 mL of ethanol, the
NPs were precipitated out again and centrifuged. This procedure
was repeated for two more times. Finally, the product (~200 mg)
was redispersed in 10 mL of hexane in the presence of 0.05 mL of
each of OA and OAm.

Synthesis of FePt/Fe;04/MgO NPs. FePt/Fe;0./MgO NPs were
synthesized by the following procedure. First, 2 mmol of Mg(acac),,
4 mmol of 1,2-tetradecanediol, and 4 mmol of OA and 4 mmol of
OAm were put into the four-neck flask containing 20 mL of benzyl
ether. Then, the vigorously stirred solution was heated to 80 °C
and kept for 5 min to dissolve the mixture completely under a gentle
nitrogen gas flow. A total of ~100 mg of the as-synthesized FePt/
Fe;O4 NPs dispersed in 5 mL of hexane was added quickly into
the flask within ~2 s. The solution was heated to 120 °C and kept
at this temperature for 20 min to ensure hexane was evaporated.
Under the blanket of nitrogen gas, the solution was heated to 298
°C and was refluxed for 1 h. Finally, the heating source was
removed and the solution was cooled down to room temperature.
The FePt/Fe;04/MgO NPs were separated and purified by using
hexane and ethanol and centrifugation as described in the synthesis
of FePt/Fe;0,4 NPs. Finally, the NPs were kept in 10 mL of hexane.

Synthesis of fct-FePt NPs from the FePt/Fe;0,/MgO NPs. To
make ferromagnetic FePt NPs, the FePt/Fe;04/MgO NPs powder
was put in a porcelain combustion boat and annealed at temperatures
from 550 to 800 °C and the optimum annealing condition was found
to be 650 °C for 6 h. After cooled down, the magnetic powder was
characterized. To make FePt NP hexane dispersion, the annealed
FePt/MgO powder was transferred into a vial. The diluted HCl
solution (<10% vol) and hexane containing both HDT and OA
were added into the vial. The suspension was sonicated for ~10 s
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Scheme 1. Synthesis of Pt-Rich FePt/Fe;0,/MgO NPs and
fct-FePt/MgO NPs

Fe,0, Mgo Mg0 L
(1) Fe coating coating Anncaling
| —t ) [ —
(2) oxidation

and shaken for ~10 min. The FePt NPs stabilized by HDT and
OA were extracted and dispersed in hexane.

FePt NP Characterization. The samples for transmission
electron microscopy (TEM) images were prepared by depositing
the hexane dispersion of the NPs on the amorphous carbon-coated
copper grids. The NP samples for high temperature annealing were
prepared on carbon type-A copper grid. TEM images were acquired
on a Philips EM 420 at 120 kV and HRTEM images were obtained
on a JEOL 2010 at 200 kV. The Fe and Pt composition of the FePt
NPs were measured by Oxford energy-disperse X-ray spectroscopy.
The powder X-ray diffraction (XRD) patterns of the samples were
collected on Bruker AXS D8-Advance diffractometer with Cu Ka
radiation (1 = 1.5418 A). Magnetic studies were performed on a
Quantum Design Superconducting Quantum Interface Device
(SQUID) with a field up to 70 kOe. The samples for diffraction
and magnetic measurements were deposited on Si substrates.

Results and Discussion

Synthesis of FePt/Fe;O4 and FePt/Fe;04/MgO NPs. Pt-
rich FePt/Fe;O4 NPs were synthesized from one-pot reaction
of Fe(CO)s, Pt(acac),, OA, and OAm in 1-octadecene. The
mechanism for the formation of these Pt-rich FePt/Fe;O4 NPs
under the current reaction conditions is similar to what has
been proposed for the formation of fcc-FePt/Fe;04,>* but the
process is controlled so that there is no significant diffusion
of Fe into Pt in the reaction condition, as shown in Scheme
1. The Pt-rich FePt NPs are formed from the simultaneous
reduction of Pt(acac), and partial decomposition of Fe(CO)s
at temperature < 240 °C. At a higher reaction temperature,
more Fe atoms coat over the existing Pt-rich FePt NPs,
forming Pt-rich FePt/Fe NPs that are further oxidized to Pt-
rich FePt/Fe;O4 NPs. The amount of Fe(CO)s is optimized
so that the ratio of Fe/Pt is close to 1/1. MgO is coated over
the FePt-Fe;O4 NP surface via the direct thermal decomposi-
tion of Mg(acac), in the condition that is similar to what
has been used for the synthesis of Fe;O4 NPs.25:26

Figure 1A shows the TEM image of the as-synthesized
FePt/Fe;O4 NPs with average total diameter of 12 nm. The
core FePt NPs are in cube-like shape. Figure 1B is the
HRTEM image of one representative FePt/Fe;O4 NP. It can
be seen that the FePt is surrounded by a polycrystalline Fe;O4
shell. The lattice fringes of the core FePt NP are not clearly
identified due to the image interference by the Fe;O, shell.
The elemental analysis of the core/shell structure shows Fe:
Pt = 52:48.%" Figure 1C,D shows the TEM and HRTEM
images of the as-synthesized FePt/Fe;04/MgO NPs. The
MgO shell and Fe;O, shell are not clearly distinguished due
to the light electron density and the close lattice spacings of
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Figure 1. (A) TEM and (B) HRTEM images of the as-synthesized FePt/
Fe304 NPs; (C) TEM and (D) HRTEM images of the as-synthesized FePt/
Fe3;04/MgO NPs.

these oxides. The measured lattices with a spacing 0.212 nm
could be from either MgO (200) (lattice spacing 0.211 nm)
or Fe;04 (400) (lattice spacing 0.209 nm).

Reductive Annealing of the Pt-Rich fcc-FePt/Fe;O4/
MgO NPs. The Pt-rich fcc-FePt/Fe;0./MgO NPs were
transformed into ferromagnetic fct-FePt/MgO NPs upon
reductive annealing under Ar + H, (5%) at high temperatures
for 6 h. Hydrogen reduces Fe;O4 to Fe, releasing H,O and
causing defects in oxygen sites. Such defects may promote
interdiffusion between Fe and Pt-rich FePt matrix, facilitating
the formation of fct-FePt. This easy fct structure formation
may be compared with what is observed in the ternary MFePt
NPs in which different M’s are doped into the FePt matrix
for decreasing the fcc to fct conversion temperature.”®>°
MgO, as a coating material, is thermally robust due to its
high melting point (over 2000 °C)*”-** and stays intact at
the high temperature annealing conditions, effectively pro-
tecting the FePt NPs from sintering,?” as shown in Scheme
1. Figure 2A,B is the FePt NPs obtained from the annealing
of the FePt/Fe;04/MgO NPs at 650 °C for 6 h under Ar +
H, (5%). The FePt NPs (~12 nm) in MgO shell have no
obvious overall size change compared to the as-synthesized
FePt/Fe;O4 NPs. The HRTEM image of a single FePt/MgO
NP shows that MgO is better crystallized around the FePt
NP. The FePt NP lattices are not readily seen due to the
MgO shell interference.
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Figure 2. (A) TEM and (B) HRTEM (B) images of the FePt/MgO NPs
obtained from the reductive annealing of the FePt/Fe3;04/MgO NPs at 650
°C for 6 h under Ar + H, (5%).
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Figure 3. XRD patterns of (A) the as-synthesized FePt/Fe3O4 NPs and (B)
the FePt/Fe;04/MgO NPs before annealing and the FePt/MgO NPs obtained
from annealing the MgO coated NPs at (C) 600 °C and (D) 650 °C for 6 h
under Ar + Hs (5%).

Structural Analysis on the FePt NPs. X-ray diffraction
(XRD) patterns in Figure 3 show the as-synthesized FePt/
Fe;04 (Figure 3A) and FePt/Fe;O4/MgO NPs before (Figure
3B) and after the thermal annealing (Figure 3C,D) at different
temperatures. The diffraction peaks from the as-synthesized
Fe;0, are weak due likely to its low crystallinity or thin
coating. The chemically disordered fcc-FePt NPs show the
typical (111) and (200) peaks in Figure 3A. The peaks around
260 = 43° and 62° in Figure 3B come from MgO. After
annealing at 600 °C, the (111) and (200) peaks from the
FePt NPs (Figure 3C) are shifted to the position that are ~1°
higher than that for the fcc-FePt, but the diffraction pattern
does not show a clear fct phase in the FePt structure after
this annealing. As the annealing temperature is increased to
650 °C, the (001) and (110) peaks emerge from the
diffraction pattern (Figure 3D), indicating the formation of
the fct-FePt at 650 °C. This annealing temperature is 100
°C lower than that (750 °C) needed for the fcc to fct
conversion in the fcc-FePt/MgO NPs,'” implying that dif-
fusion between Fe and Pt-rich FePt facilitates the formation
of fct-FePt.

Magnetic hysteresis loops in Figure 4A,B show that the
FePt NPs obtained from the annealing of the fcc-FePt/Fe;O4/
MgO NPs at 600 and 650 °C for 6 h under Ar + H, (5%)
are ferromagnetic. But the coercivity values of the FePt NPs
from the 600 °C annealing are at 1.6 T (5§ K), 1.2 T (100
K), and 0.4 T (300 K), much smaller than the FePt NPs from
the 650 °C annealing at 3.2 T (5 K), 3.0 T (100 K), and 2.0
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Figure 4. Hysteresis loops of the FePt/MgO NPs obtained after the thermal annealing of the FePt/Fe;04/MgO NPs at (A) 600 °C and (B) 650 °C for 6 h

under Ar + H, (5%).
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Figure 5. (A) TEM image of the fct-FePt NPs from their hexane dispersion;
(B) SAED of the fct-FePt NP assembly in (A); and HRTEM images of the
fct-FePt NPs with the lattices seen from (C) the (001) and (D) the (111)
planes in fct-FePt.

T (300 K). More importantly, the magnetization values for
the 650 °C annealed sample show little temperature depen-
dence (Figure 4B). This indicates that the fct structure with
large magnetocrystalline anisotropy in the 650 °C annealed
FePt NPs is better formed. As a comparison, the FePt/MgO
NPs annealed under the same 650 °C annealing conditions
are superparamagnetic at room temperature.l7’27
Dispersion and Characterization of fct-FePt NPs. The
MgO shell in the fct-FePt/MgO NPs can be easily removed
by diluted HCI1 (<10 vol %) washing and hexane extraction
in the presence of HDT and OA, as reported before.'” The
TEM image of the fct-FePt NPs (Figure 5A) shows the
isolated NPs that have little morphology change compared
to the NPs seen in Figure 2. Figure 5B is the selected area
electron diffraction (SAED) pattern of the fct-FePt NPs
shown in Figure 5A. The ring patterns are from the
fct-structured FePt NPs with the (001), (111), and (200) rings

clearly visible in the inner circle. Figure 5C,D is two
representative HRTEM images of the fct-FePt NPs. In Figure
5C, the lattice fringe spacing is measured to be 0.383 nm,
corresponding to the (001) planes (0.384 nm spacing) in the
fct-FePt. The FePt NP in Figure 5D has a lattice spacing of
0.224 nm, close to that of the (111) planes (0.222 nm
spacing) in the fct-FePt. Magnetic measurements of these
NPs show the similar hysteresis behavior to that in Figure
4B.

Conclusions

This report demonstrates an improved synthesis of ferro-
magnetic fct-FePt NPs and their dispersion from the Pt-rich
fcc-FePt/Fe;04/MgO NPs. The Pt-rich fcc-FePt/Fe;O, NPs
are made by a one-pot reaction of Pt(acac), with Fe(CO)s in
the presence of oleic acid and oleylamine and are coated
with a layer of MgO via the thermal decomposition of
Mg(acac),. The robust MgO coating prevents FePt NPs from
sintering at high temperature reductive annealing conditions,
and the core/shell structured FePt/Fe;O, facilitates the fcc
to fct conversion. The fct-FePt NPs show the coercivity
values at 3.2 T at 5 K and 2 T at 300 K. These hard magnetic
NPs can be stabilized by hexadecanethiol/oleic acid and
dispersed in hexane. The synthetic strategy developed here
is not limited to the FePt NP system but can be extended to
the synthesis of other hard magnetic NPs of CoPt and SmCos
as well. With the size, composition, structure, and stability
control, these ferromagnetic NPs can act as the key com-
ponents in 2D or 3D magnetic NP superlattice arrays for
nanomagnetism studies and for ultrahigh density magnetic
information storage. The FePt NPs made by removing MgO
in the absence of surfactant should be chemically active for
various catalytic applications.

Acknowledgment. The work was supported by ONR/MURI
under Grants N00014-05-1-0497, INSIC, and a GAANN
fellowship to Y.L. We thank Mr. A. McCormick of Brown
University for the HRTEM studies.

Supporting Information Available: EDS analysis and TEM
images (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

CM8024878



