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Synthesis of L1, ferromagnetic CoPt nanopowders using
a single-source molecular precursor and water-soluble
supporty

Matthew S. Wellons,? Zheng Gai,” Jian Shen,1¢ James Bentley,§° James E. Wittig®
and Charles M. Lukehart™®

Reductive decomposition of CoPt(CO)4(dppe)Me/NaCl composite powder (2 : 98 CoPt precursor : NaCl
mass ratio) at 650 °C under getter gas (9 : 1 N2/H;) gives black CoPt/NaCl nanocomposites with minimal
CoPt nanoparticle coalescence. Aqueous dissolution of the NaCl support permits isolation of
ferromagnetic L1y, CoPt nanoparticles of ca. 11 nm average diameter as free-flowing black powders. As-
prepared CoPt nanopowders exhibit moderate coercivity (4.0 kOe) at 300 K and high coercivity (26.0
kOe) at 5 K consistent with formation of polydisperse L1, CoPt nanoparticles having high purity and
high crystallinity. Co,Pt; nanoparticles are formed with good control of alloy stoichiometry using a
single-source precursor by a convenient, scalable single-step process.

Introduction

Nanoscale magnetic materials are being explored for high-
density data storage applications and for achieving a better
fundamental understanding of ferromagnetism on the nano-
scale.! Binary metal alloys, such as FePt, CoPt, and FePd, exhibit
very large uniaxial magnetocrystalline anisotropy constants
(6.6-10 x 10~ 7 erg cm > for FePt, 4.9 x 10’ erg cm > for CoPt,
1.8 x 1077 erg cm * for FePd) and high limiting coercivities
(116 kOe for FePt, 123 kOe for CoPt, and 33 kOe for FePd) at the
nanoscale, and are of particular interest for ultra-high-density
data storage applications.” Nanoparticles of these compositions
are usually described as having either atomically disordered
face-centered cubic (fcc) Al-type lattice structures that exhibit
small coercivity and soft, superparamagnetic properties or as
atomically ordered L1,-type lattice structures exhibiting high
coercivity, large magnetic anisotropy, and hard ferromagnetic

“Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235, USA.
E-mail: chuck.lukehart@vanderbilt.edu; Fax: +1 615 3431234; Tel: +1 615 3222935

*Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge,
TN 37831, USA

‘Material Sciences and Technology Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831, USA

‘Department of Electrical Engineering and Computer Science, Vanderbilt University,
Nashville, Tennessee 37235, USA

t Electronic supplementary information (ESI) available: See experimental
procedures for molecular precursor synthesis and for NaCl ball milling. See
DOI: 10.1039/c3tc31232a

i Present address: Department of Physics, Fudan University, Shanghai 200433,
China.

§ Present address: Microscopy and Microanalytical Sciences, PO Box 7103, Oak
Ridge, TN 37831, USA.

5976 | J. Mater. Chem. C, 2013, 1, 5976-5980

properties. Nanoparticles formed below ca. 300 °C usually have
a disordered fcc atomic structure. Phase transition to an
ordered L1, unit cell for CoPt occurs upon thermal treatment
between 600 and 850 °C.* Annealing at higher temperatures
leads to a decrease in observed coercivity due to phase separa-
tion.®> The search for convenient methods of preparing highly
ferromagnetic CoPt nanoparticles is of continued interest,
because magnetic properties of as-prepared L1, MPt alloy
nanoparticles have yet to approach predicted limiting values.?
CoPt alloy nanoparticles are also known to function as chemical
CO oxidation catalysts* and as electrochemical catalysts for CO
or methanol oxidation.®

CoPt nanoparticles of near 1:1 alloy stoichiometry have
been prepared via hydrogen reduction,*” borohydride reduc-
tion,®** polyol reduction, sol-gel methods,"*® reverse
micelle methods,*** galvanic displacement,*® evaporation
methods, ion-beam depositiom,**>° pulse-laser-deposition/
ablation/sputtering methods,** or by bio-inspired or biomi-
metic methods.***” Common to these methods is use of sepa-
rate sources of Co and Pt and a two-step process entailing
formation of CoPt nanoparticles with subsequent thermal
annealing. Ferromagnetic L1, FePt nanoparticles exhibiting
high coercivity have been prepared in earlier work using single-
source molecular precursors,*®* and this general synthesis
strategy is now extended to CoPt nanoparticle formation.

Ferromagnetic 1:1 CoPt nanoparticles are formed in a
single-step process by reactive decomposition of a known 1: 1
CoPt heterodinuclear, cluster complex that serves as a stoi-
chiometric source of both metals. Thermal decomposition of
CoPt(CO)4(dppe)Me/NaCl powder composites under a reducing
atmosphere (H,/N,) at 650 °C followed by simple aqueous
dissolution of the NaCl support gives free-flowing 1:1 CoPt
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nanopowders that exhibit moderate room-temperature ferro-
magnetism (H. = 4.0 kOe at 300 K) and high ferromagnetism at
low temperature (H. = 26.0 kOe at 5 K).

Experimental
Reagents and general methods

All manipulations relevant to organometallic precursors were
carried out under a nitrogen atmosphere using standard
Schlenk techniques. Solvents used in organometallic synthesis
were dried over and distilled from appropriate drying agents
under N,. Reagent chemicals, dichloro(1,5-cyclooctadiene)
platinum(u), dicobalt octacarbonyl, and diphenylphosphino-
ethane (dppe), were purchased from Strem Chemicals, Inc.; all
other reagents were purchase from Aldrich. The complex,
CoPt(CO),(dppe)Me,* was prepared as described in the litera-
ture (see ESIt).

Thermal treatments were conducted inside a quartz tube
under continuous gas flow using a one-foot Linberg/Blue tube
furnace. Sonication was performed in a glass container
immersed in a Bransonic 2510R sonifier. Powder X-ray diffrac-
tion (XRD) scans were obtained on a Scintag X; 6/60 automated
powder X-ray diffractometer with a Cu target, a Peltier-cooled
solid-state detector, and a zero-background Si(510) sample
support. Characterization by TEM was performed at Vanderbilt
University with a 200 kV Philips CM20T TEM and at the ORNL
SHaRE User Facility with a 200 kv Philips CM200 FEG TEM.
Magnetic measurements were performed at Oak Ridge National
Laboratory using a SQUID magnetometer. Bulk elemental
chemical microanalyses by inductively coupled plasma/optical
emission spectrometry (ICP-OES) were performed by Galbraith
Laboratories, Knoxville, TN.

Single-step preparation of L1, CoPt nanoparticles

In a typical preparation, 0.050 g (0.064 mmol) CoPt(CO)4(dppe)
Me was dissolved in a minimum amount of CH,Cl, (0.5 mL)
under N,. To achieve a final composite of 2 wt% total metal
loading, 0.815 g (13.9 mmol) of ball-milled anhydrous NacCl (see
ESIT) was added to the above solution and was allowed to stir for
15 min. Solvent was removed under reduced pressure
producing a free-flowing orange powder. The sample was placed
in a glazed ceramic boat and was inserted in the center of a tube
furnace. The tube volume was purged with N, (20 min) and
getter gas (1:9 H,:N,, 20 min), followed by a reductive
decomposition at 650 °C under 1 : 9 H, : N, (4 h). The resulting
black powder was allowed to cool to room temperature before
removal from the furnace and was very responsive to the applied
magnetic field of an external magnet. CoPt nanoparticles were
isolated by adding this black powder to 5 mL of water followed
by mixing, mild sonication, and centrifugation to give a dark
precipitate of metal powder. This procedure was repeated two
times to ensure complete dissolution of the NaCl support fol-
lowed by a final acetone (5 mL) wash. The wet metal powder was
dried in air to give as-prepared CoPt nanoparticles as a free-
flowing black, ferromagnetic powder. Bulk analysis by ICP-OES
[element (wt%)]: Co (19.4); Pt (65.6) or Co,Pt; g,.
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Results and discussion
Synthesis and characterization of 1 : 1 L1, CoPt nanopowder

Solvent evaporation from sodium chloride powder wetted by a
solution of CoPt(CO)4(dppe)Me gives an orange precursor/NaCl
composite powder. Reactive, thermal decomposition of this
composite at 650 °C under a flow of getter gas (9 : 1 N,/H,) in a
tube furnace forms directly CoPt/NaCl nanocomposite as a
black powder. Variation of precursor/water-soluble support
mass ratio determines the total metal wt% of the final nano-
composite and provides some control over mean particle size.
Precursor loadings of 2 wt% total metal affords CoPt nano-
particles of ca. 11 nm average diameter. Dissolution of the NaCl
support powder by aqueous trituration gives as-prepared L1,-
type CoPt nanoparticles as a free-flowing black powder. Bulk
elemental analysis reveals a1 : 1 Co : Pt atomic ratio, consistent
with the metal stoichiometry of the precursor.

TEM micrographs of as-prepared CoPt powder at low and
high resolution (Fig. 1) reveal single-crystal nanoparticles of
irregular shape showing continuous fringe patterns. An inter-
planar distance of 0.380 nm, measured from a cross-fringe
pattern within a single CoPt nanoparticle, corresponds well to
the (001) d-spacing (0.370 nm) known for bulk L1, CoPt. A
histogram of CoPt nanoparticle sizes (Fig. 1) reveals a log-
normal distribution consistent with particle growth via a
surface-diffusion process*' having an average CoPt particle
diameter of 11 nm (¢ = 7 nm).
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Fig. 1 TEM images of as-prepared L1, CoPt nanopowder at low (left image) and
high (right image) magnification showing (001) lattice fringes expected for L1¢
CoPt along with a corresponding particle-size histogram.
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Fig.2 XRD pattern (Cu K, radiation) of as-prepared L1, CoPt nanopowder along
with the powder XRD line pattern and assigned peak indices of bulk L1, CoPt (PDF
Card #43-1358).

Successful formation of a highly ordered L1, lattice for as-
prepared CoPt powder is confirmed by powder XRD (Fig. 2).
Superlattice peaks expected of a L1, ordered phase are clearly
observed, as evidenced by strong relative intensity of the (001)
and (110) diffraction peaks and by splitting of the (200)/(002)
pair of reflections. For pure, bulk L1, CoPt, unit-cell constants
are a = 3.803 A and ¢ = 3.701 A giving a c/a ratio of 0.9732.2
Unit-cell parameters calculated from the experimental XRD
pattern (Fig. 2) gives a = 3.790 A and ¢ = 3.696 A and a c/a ratio
of 0.9750 confirming formation of highly pure L1, material.
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Fig. 3 Temperature and field dependent magnetizations of as-prepared L1q
CoPt nanopowder. (a) ZFC and FC magnetization under 0.1 T field. (b) Magnetic
hysteresis loops at 5 K and 300 K.
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Scherrer's analysis of experimental L1, CoPt XRD peak widths
gives a volume-weighted average crystallite size of 14 nm. This
value compares well with the number-average particle size of
11 nm determined from TEM images and is consistent with only
a minor number fraction of particles having diameters >>11
nm. A diffraction peak centered at 40.50 degrees in two-theta
expected for the most intense (111) reflection of a possible L1,
CoPt; impurity is not observed.

Magnetic properties

Zero field cooled (ZFC) and field cooled (FC) magnetizations at
0.1 T and magnetic hysteresis loops recorded for as-prepared
CoPt nanopowder at 5 K and 300 K are shown in Fig. 3. As
shown in Fig. 3(a), the superparamagnetic transition is quite
broad because of the size distribution of the particles, from
really low temperature up to the equipment measurement limit
of 380 K. From Fig. 3(b), an observed remanence of (2/7)Ms,, is
consistent with a random uniform distribution of magneto-
crystalline orientations within the powder specimen.

However, hysteresis loop shapes and coercivity values show
strong temperature dependence. At 5 K, a symmetrical ferro-
magnetic loop shape is observed with a coercivity value of 26.0
kOe. This coercivity is significantly greater than that reported
for CoPt nanoparticles prepared by other methods (see Table 1)
and is consistent with strong ferromagnetism expected of CoPt
nanoparticles having high crystallinity and good control of
metal alloy stoichiometry. At 300 K, a highly “pinched” hyster-
esis loop is observed with a coercivity of 4.0 kOe. While highly

Table 1 CoPt nanoparticulate specimen, processing temperature, nanoparticle
average diameters, and measured coercivity values as reported or measured in
this work?

Processing CoPt Coercivity, He,

CoPt sample T (°C) size (nm) (Oe)/temperature Ref.
CoPt powder 650 11 4000/RT; 26 000/5 K Herein
CoPt powder 800 18 3202/RT 19
CoPt powder 700 13 3225/RT 20
CoPt powder 800 18 4442/RT 20
CoPt powder 700 18 6000/RT; 9300/5 K 14
CoPt powder 665 >2 9000/5 K 10
CoPt powder 650 >8 12 000/RT 11
CoPt powder 700 >4 7570/RT 16
CoPt powder 550 6 5500/RT 22
CoPt powder 700 >7 630/RT 18
CoPt/SiO,/Si 700 20 H!l 8200/Rt; H 6636/RT 26
COPt/SiO/Si 750 20 HZ 7400/RT 46
COPt/SiO./Si 750 20 H! 7352; H' 6850/RT 44
CoPt/SiO,/Si 750 20 H! 5558; H- 4070/RT 47
CoPt/SiO,/Si 600 5 160/RT; 1900/5 K 15
CoPt/polyimide 650 7 9800/10 K 27,48
CoPt@PMMA 400 <10 300/300 K; 1665/5 K 12
CoPt@ALO;  1100/700 40 max. H! 4500; H- 6000/300 K 29
H! 9000; HY 13 000/5 K
CoPt@Al,O; 700 30 24 200/unspecified 7
CoPt@carbon 800 5.4 1390/RT 6
CoPt@silica 800 30 330/RT 6
CoPt@Ag 550 7-100 1000-17 000/unspecified 49

¢ PMMA = poly(methyl methacrylate); RT = room temperature.
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“pinched” CoPt hysteresis loops acquired near room tempera-
ture have been ascribed to the presence of a magnetically soft
CoPt; impurity phase,* powder XRD data and the high coer-
civity of this powder at 5 K do not support this interpretation. A
more likely explanation of the observed “pinched” hysteresis
loop shape is that some number fraction of small CoPt nano-
particles are superparamagnetic near room temperature,**>
while those particles bigger than 10 nm still show blocked
behavior, giving rise to a combination of superparamagnetic
and ferromagnetic effects at 300 K (see the particle-size histo-
gram in Fig. 1). At 5 K, the sample appears wholly ferromagnetic
with high coercivity, as expected when thermal energy is
insufficient to randomize magnetic dipole oscillations of
superparamagnetic particles.

Conclusions

L1, 1:1 CoPt nanoparticles can be prepared in a one-step
process by reactive thermal decomposition of CoPt(CO),(dppe)
Me supported on finely ground NaCl powder. Ferromagnetic
Co,Pt; powder is harvested by simple aqueous dissolution of
the ionic support. Precursor loadings of ca. 2 wt% give poly-
disperse, free-flowing CoPt nanopowders having average
diameter of 11 nm and high coercivity (26.0 kOe) at 5 K. This
synthesis strategy provides good control of alloy stoichiometry
and is both convenient and easily scalable.
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