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Abstract: In this article, we report the synthesis of “solid solution” and “core-shell” types of well-defined
Co—Pt nanoalloys smaller than 10 nm. The formation of these alloys is driven by redox transmetalation reactions
between the reagents without the need for any additional reductants. Also the reaction proceeds selectively as
long as the redox potential between the two metals is favorable. The reaction betwée®}and Pt(hfac)

(hfac = hexafluoroacetylacetonate) results in the formation of “solid solution” type alloys such as CoPt
nanoparticles. On the other hand, the reaction of Co nanoparticles with Pi(infacjution results in “Cegye

Ptheil’ type nanoalloys. Nanoparticles synthesized by both reactions are moderately monodisper<d€i¥4)

without any further size selection processes. The composition of the alloys can also be tuned by adjusting the
ratio of reactants. The magnetic and structural properties of the obtained nanoparticles and reaction byproducts
are characterized by TEM, SQUID, UV/vis, IR, EDAX, and XRD.

Introduction

Nanoparticle-based materials have drawn interest due to the
novel optoelectronic, magnetic, and catalytic properties that arise
from the quantum size effects and large surface areas that ar

characteristic of these specieln particular, recent efforts have

been focused on the development of magnetic nanoalloys du
to the potential use of each nanoparticle as an independen

magnetic bit for future information storage systeins.The

magnetic and chemical properties of the monometallic elements
are known to be significantly enhanced by the formation of
alloys with additional metals and they provide many advantages
such as high magnetic anisotropy, enhanced magnetic susce

tibility, and large coercivitied:” Specifically, the CoPt alloy

is one of the candidates for ultrahigh-density magnetic recording
media because of its high magnetic anisotropy and good

chemical stability upon corrosidgtf:’

Most of the magnetic alloy syntheses to date have been

techniqued. However, random nanoparticle nucleation and
growth, relatively large crystalline sizes, and broad size distribu-
tions adversely affect their magnetic performances. Recent

e(eports suggest chemical approaches in solution as excellent

alternative methods for better control of magnetic nanomaterials

egrowth?'v6 For example, solid solution type MPt (M Co or
[Fe) nanoparticle alloys have been successfully synthesized by

adding ionic salt type or organometallic precursors to reductants
such as borohydride, or diots.

One unigue way of synthesizing alloy materials on the micron
scale is the redox transmetalation process as reported for the
thin films of Pd, Rh, Pt/C@&, and Cu/Cd However, the
application of this concept to nanoscale materials is unprec-
edented.

In this report, we demonstrate the first utilization of redox
transmetalation reactions for the synthesis of two different types,
solid solution and core-shell, of CoPt nanoalloys under 10 nm

focused in the area of thin films by using vacuum deposition (Scheme 1). Stoichiometry tuned solid solution type CoPt
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nanoalloys are synthesized by the reaction betweefGTs

and Pt(hfac). Core-shell type nanoalloys in which Pt resides
as a shell around a cobalt nanoparticle core are achieved by the
reaction of Pt(hfag)with cobalt nanoparticles. The obtained
nanoalloys are moderately monodispersed@%s) without any
further size selection processes.

Experimental Section

General Methods.All procedures were carried out using standard
airless technigues under argon. Pt(hfar)d dodecane isocyanide were
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Scheme 1. Synthetic Routes of Core-Shell and Solid
Solution Type Nanoalloys via Transmetalation Reaction
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prepared according to literature methd@i§oluene and nonane were
purified by distillation under an argon atmosphere over sodium. Ethanol
was purified by distillation over calcium hydride. Solvents were
carefully degassed by the freezegump—thaw technique before use.
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obtained by an EQUINOX 55 FT-IR spectrometer (KBr pallet). UV/
vis absorption data were obtained by a Shimadzu UV-3100S spectro-
photometer in EtOH solvent. Powder X-ray diffraction (XRD) spectra
were obtained using graphite-monochromatized @ur&diation in a
Rigaku D/MAX-RC diffractometer operated at 40 kV 80 mA. Magnetic
measurements were performed on a SQUID magnetometer (Quantum
Design MPMS-7). DC susceptibility and hysteresis measurements were
recorded for powdered samples of nanopatrticles in a gelatin capsule.
The temperature was varied between 5 and 300 K according to a zero
field cooling/field cooling (ZFC/FC) procedure at 75 Oe, and the
hysteretic loops were obtained in a magnetic field varying frento
—-5T.

Results and Discussion

The size distribution and crystallinity of the nanoparticles
were studied first by transmission electron microscopy. TEM
images show the presence of nonagglomerated and moderately
monodispersed spherically shaped GoRinoparticles with an

All other reagents purchased from commercial sources were used asAverage diameter of 1.8 nra & 0.1 nm) (Figure 1). Examina-

obtained without further purification.

Synthesis of Nanoalloys. (a) Cft; Nanoalloys!* 0.25 mmol (0.085
g) of Co(CO) (0.25 mmol, 0.085 g) in 5 mL of toluene was injected
into 5 mL of hot toluene solution containing 0.5 mmol (0.28 g) of
Pt(hfac) with 0.15 mL of oleic acid as a stabilizing surfactant. Upon
mixing, evolution of CO gas and a gradual color change from yellow
to brownish black were observed. After 12 h, the resulting solution
was cooled to room temperature and treated with ethanol to isolate the
black nanocrystals from the orange supernatant. The reaction byproduct:
were separated from the remaining orange supernatant solution an
further purified by sublimation under vacuum. The orange crystals

tion of single nanoparticles (Figure 1 inset) gives lattice spacings
of 2.23(@0.03) A for the (111) plane and 1.980.03) A for
the (200) plane, which are consistent with the known bulk fcc
values!® X-ray powder diffraction and selected area electron
diffraction (SAED) patterns also show peaks due to the (111),
(200), (220), and (311) lattice planes of fcc CoMElemental
analysis of the nanoparticles confirms that the ratio of Co to Pt
js 1.00:2.96. Similar results were obtained forB® with
omogeneous nanopatrticles (1.9 nin= 0.3 nm) by TEM
analyses and a Co-to-Pt ratio of 0.46:0.54 is obtained from

obtained were analyzed by spectroscopic methods and elementalenergy-dispersive X-ray analysis (EDAX), which is close to the

analysis. IR spectra of the orange crystals revealed peaks at 1645 (C
O str), 1610 (G=C str), 1564 (G=O str, C=C bend), 1537 (€O str,
C=C bend), 1485 (€O str, C=C bend), 1347 (C¥str), 1258 (CEk
str), 1227 (Ck str), 1205 (C-H in plane bend), 1146 (€H in plane
bend), 1095 (€H out of bend), 805 (EH out of bend), 744 (ECF;
str), and 674 (€CF; str) cnTt. UV/vis absorption maxima occurred
at 300 nm from ar—ax* transition and at 455(sh), 489, 510, and 546
nm from d-d transitions. Elemental Anal. Calcd fordE,04F.Cor
xHO (x = 1.5): C, 24.02; H, 1.01; Co, 11.79. Found: C, 24.16; H,
1.24; Co, 11.58. The obtained (B nanoparticles are easily redispersed
in organic solvent such as hexane and toluene.

(b) Co:Pt; Nanoalloys.The CaPt; alloy was synthesized using the
same procedure used to synthesizelREonanoalloys except with
modified reagent ratios. GBY; is obtained from 0.5 mmol (0.170 g)
of Co(CO) and 0.5 mmol (0.28 g) of Pt(hfac)

(€) CaororePtshen Nanoalloys.CocordPsne N@noalloys were synthesized
by refluxing 6.33 nm¢ = 0.61) Co nanopatrticle colloids (0.5 mmol)
and Pt(hfac) (0.25 mmol) in a nonane solution containing 0.06 mL of
C12H2sNC as a stabilizer. The Co nanoparticles were synthesized from
the thermolysis of C4CO)s in toluene solutiort? After 8 h of reflux,
the colloids are isolated from the dark red-black solution in powder
form after adding ethanol and centrifugation. Reaction byproduct was
separated and analyzed as Co(hfaghe nanoparticles obtained are
stable in air and can be redispersed in typical organic solvents.

Characterization. Transmission electron microscopy (TEM) ob-
servations were carried out on an EM 912 Omega and Hitachi H9000-
NAR high-resolution electron microscope operated at 120 or 300 kV,
respectively. Elemental analysis was performed on an inductively
coupled plasma atomic emission spectrometer (Shimadzu ICPS-1000111)
and elemental analyzer (EA1110-FISONS). Infrared spectra were
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expected 1:1 stoichiometry.

In the case of C@.Pkhen type nanoalloys, moderately
monodispersed nanoparticles with an average diameter of 6.27
nm (o = 0.58 nm) are observed by TEM (Figure 2). The surface
of the CqodPkhen particle is smooth and homogeneous as
examined by HRTEM. This is in contrast to previous attempts
which resulted in rather inhomogeneous surfaces with uneven
adhesions of smaller outer particles as shell layers of core-shell
nanoparticles? The measured lattice distance of 220(03)

A on the shell of nanoparticles is consistent with the known Pt
lattice parameter (2.265 A) for the (111) plane (Figure 2). While
the size of the C@,Pneir Nanoparticles remains similar to that
of the starting Co nanopatrticles, EDAX studies indicate that
large amounts of Pt are present in the.&Btne Nanoparticles
with an observed stoichiometry of @@Phss With this
stoichiometry, the Co core is estimated to be roughly 4.75 nm
with the outer Pt layer to be about 1.82 nm thiekd4(layers)

by simple close packing model simulations. In principle, the
thickness of the Pt shell can be tuned by varying the amount of
Pt(hfac).

Magnetic measurements of the nanoalloys were performed
on a SQUID magnetometer. A blocking temperatdrg) ©f 20
K (Figure 3) and a coercivityH) of 6900 Oe &5 K (Figure
4) were observed for CofPhanoalloys while dg of 15 K and
H¢ of 5300 Oe &5 K (Figure 4) were observed for @t nano-
alloys. These values are higher relative to those observed for
pure cobalt nanoparticles of similar siz&'as a result of the
increased anisotropy due to alloy formation. These solid solution
type nanoparticles show superparamagnetic behavior at 300 K.

(13) X-ray Powder Diffraction Patterns (International Centre for Dif-
fraction Data, Newtown Square, PA, 1996).
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Chem., Int. Ed. Engl1991, 30, 874. (b) Schmid, G.; West, H.; Mehles, H.;
Lehnert, A.Inorg. Chem.1997 36, 891. (c) Wang, Y.; Toshima, NI.
Phys. Chem. B997 101, 5301.

(15) When compared to other known values of GpBur H value is
comparable within the same order of magnitude.
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Figure 2. TEM, HRTEM images, and histogram of 6.27 nm <€ 0.58) CQudPtnen N@noalloys.
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Figure 3. ZFC/FC curves of (a) CGadPknerand (b) CoPtnanoalloys.

Tg = 15 K for the CordPtnenandTg = 20 K for the CoP4are observed.

Magnetic studies performed on the &@kne Nanoalloys
indicate that these structures retain the properties of the pure

observed for similar sized Co nanoparticlésput are rather
close to values for Co nanoparticles similar in size to the
Coore12¢ Magnetic properties are known to be very sensitive

to parameters such as the size, surface states, and compositions
and we are currently investigating the factors governing
magnetism in our CoPt nanoalloys.

The major reaction byproduct obtained from the reaction
mixture during both the solid solution and core-shell of CoPt
alloy preparations was analyzed and confirmed as Co(hfac)
UV/vis absorption bands (Figure 5a) duesto— s* transition
of the hfac ligand and the & d transitions of cobalt metal
complexes are observed from the isolated orange byproduct and
the IR modes (Figure 5b) are cleanly matched with those of
Co(hfac).16 Elemental analysis of the byproduct is also
consistent with the Co(hfag)Any peaks due to the reactant
Pt(hfac) are not observed. This result clearly shows that reactant
Pt(hfac} has been completely consumed and Co(hfechow
obtained after the reaction.

Co core and are not significantly affected by the Pt shellgA
value of 15 K (Figure 3) and a coercivity of 330 Oe at 5 K
(Figure 4) for the CgydPtshen Nanoalloys are smaller than those

(16) (a) Morris, M. L.; Moshier, R. W.; Sievers, R. Eorg. Chem.
1963 2, 411. (b) Cotton, F. A.; Holm, R. Hl. Am, Chem. Sod.96Q 82,
2979.
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Our experimental results suggest that the formation of CoPt Figure 5. (a) UV/Vis absorption and (b) IR spectra of the reaction
alloys proceeds according to the redox transmetalation reactionbyproduct ¢), Co(hfac) (-+-), and Pt(hfag) (+--).
between Co and Pt(hfac)without the need of additional i ) . )
reducing reagents. As a Pt layer grows around the Co core, a N summary, we report the flrst_ synthesis qf both solid _solutlon
stoichiometric fraction of Co metal is replaced by Pt through a @nd core-shell types of magnetic nanoparticle alloys via trans-
transmetalation process in which the hfac ligands of Pt(hfac) metalation reactions. It is possmle.to selectively grow certain
are transferred to Co metal to form Co(hta¢Bcheme 1} metalg on top of metallic nanoparticles only Where the redox
This is in part supported by the fact that the calculated standardPotential is favorable between them. This kind of redox
potential of+1.46 V for the cell Co/C&//P#+/Pt thermody- transme_talatlo_n strategy can be adapted_ as a general methoc_i to
namically favors the formation of CoPt(0) and Co(ll)(hfat) synthesae various types of nanoal!oys Wlth controlled composi-
A similar process is also operative in the CoPt solid solution ton in a selective fashion. In particular, since these magnetic
alloy formation following metallic Co formation from G(CO) alloys are monodispersed with a particle size of less than 10
decompositior®® The resulting Co atoms (or seed clusters) NM scales, itis possple to have '_[hem in r_nult_ldlmensmnal arrays
would undergo transmetalation reactions with Pt(hfszform for magnetoelect.ronlc nanodewce applications that can fulfill
solid solution type alloys. In comparison, we have tried similar the next generation requirements.
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