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ABSTRACT

Pt@Fe,0; core—shell nanoparticles have been made using a sequential synthetic method. Platinum nanoparticles were synthesized via reduction
of platinum acetylacetonate in octyl ether, and layers of iron oxide were subsequently deposited on the surface of Pt nanoparticles through
thermal decomposition of iron pentacarbonyl. The core—shell nanoparticles were characterized by powder X-ray diffraction, high-resolution
transmission electron microscopy, and X-ray photoemission spectroscopy. Thickness of the shell can be controlled by changing concentrations
of the reactants and the reaction conditions. These Pt@Fe,05; core—shell nanoparticles could have potential applications in catalysis and as
precursors for making property-tunable magnetic nanopatrticles, thin films, and nanocomposites.

We present in this letter a one-pot sequential synthetic can catalyze electrooxidation of methakbl? Metal-oxide-
method of well-defined and shell-thickness-tunable Pt@ke  on-metal core-shell configuration (Au@Aug) is believed
core-shell nanoparticles. Transition metal containing nano- to be the contributing factor for the high catalytic behaviors.
particles have been under investigation for quite some time Chen and co-workers show that well-balanced bimetallic
because of their catalytical, electronic, magnetic, and optical surfaces of nickel on platinum can drastically enhance the
properties, and the new applications in various emerging catalytic hydrodesulfurization (HDS) of thiophene per surface
fields such as ultrahigh-density magnetic storage media, metal atom over pure platinum surfa®&Such enhancement
biological labeling and detection, and drug delivéri? preferably exists on surfaces with a single layer of nickel
Among various systems, transition metal containing eore on platinum. It is, therefore, very important to develop new
shell nanoparticles are particularly interesting because thesemethods that can be used to synergistically control chemical
systems can have multiple functions that do not exist in compositions, monodispersity, and hierarchical structure of
single-component compounds and unique properties that exishanopatrticles.
only in nm-sized materials. For instance, coshell nano- Steady progress has been made in recent years in the fine
particles have been tested as catalysts in various chemicatontrol of chemical composition, structure and monodisper-
reactions, and both core and shell are actively involved in sity of inorganic core-shell nanoparticles in solution
the catalytic processé&$:141°Klabunde and co-workers have phase$:?-3" These coreshell nanoparticles were generally
demonstrated that F®s;-coated metal oxide coreshell synthesized through two major synthetic pathways: precipi-
nanoparticles such as £@MgO and FgO;@CaO have  tation and surface reaction and controlled deposition using
greatly enhanced efficiencies over pure MgO and CaO preformed primary particlesThe latter method is generally
catalysts for S@adsorption, HS removal, and chlorocarbon  used for making relatively large-sized cerghell particles,
destructionts~8 This uncommon catalytic behavior comes and fine control can be achieved through layer-by-layer
from the cooperative interaction between reactants and both(LbL) depositions. The former approach has been extensively
the cores and the shells of the catalysts. Recently, Luo andused in the synthesis of nm-sized ceshell particles. Silica,
others have shown that gold-based eeshkell nanoparticles titania, and other oxide shells derived from alkoxide reactants
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We choose to study FePt based nanoparticles partially
because of the recent success in making monodisperse FePt
alloy nanoparticles using polyol process®39The straight-
forward control of Fe(CQ)deposition is also a valuable
feature. We were motivated by the existing and potential
applications of Fe and Pt-containing nanoparticles as well:
Fe0s is an active component in various widely used catalytic
systems including the industrial process of conversion of
styrene from ethylbenzeffeand in new catalystz*! Fe-
containing Pt alloy nanoparticles are one of the most
promising materials for next generation ultrahigh density
magnetic storage media applications, lphase FePt alloy
in particular?

Herein, we describe the synthesis and characterization of
well-defined Pt@Fg); nanoparticles using a sequential
synthetic method. In a typical procedure, a mixture of 1,2-
hexadecanediol (90%, tech. grade, Aldrich, 0.2 g or 0.75
mmol), oleic acid (99-%, Aldrich, 40uL or 0.125 mmol),
and oleylamine (70%, tech. grade, Aldrich, 40 or 0.125
mmol) in octyl ether (99%, Aldrich, 1.5 mL) was added into
a 15 mL three-neck round-bottom flask under argon flow
and heated to reflux temperature at 2@ using a heating
mantle. Platinum acetylacetonate (Pt(aga(99.99%, Ald-
rich, 0.1 g or 0.25 mmol) in octyl ether (1 mL) was injected
into the mixture at this temperature. The color of the reaction
solution turned black immediately, indicating the spontaneous
formation of nanoparticles. The reaction continued for
additional 5 min, and the solution was then cooled to 220 Figure 1. (a) Low and (b) high magnification TEM images of

o ) . core—shell nanoparticles. The nanoparticles were made at the
C. A designed amount of iron pentacarbonyl (Fe(§O) following reactant mole numbers in octyl ether (2.5 mL) fot5

(99.999%, Aldrich) was added using a microsyringe, and the min: Pt(acag) (0.25 mmol), Fe(CQ)(0.5 mmol), 1, 2-hexadec-
temperature of the reaction was raised to 2@ The anediol (0.75 mmol), oleic acid (0.125 mmol), and oleylamine

solution refluxed at this temperature for a designed period (0.125 mmol).
of time (~5 min to ~2 h) and was then cooled to ambient 800
room temperatures. After the reaction, the nanoparticles were P
separated from the mixture by washing with hexane and 600 |
ethanol, respectively, and centrifuged at 5000 rpm-~é&r
min in ambient conditions. This procedure was repeated
twice. The final product was dispersed in hexane with a small
amount of excess oleic acid.

The low-magnification transmission electron microscopy ‘
(TEM) images were recorded on a JEOL JEM 2000EX 15 . 35 45 55 65 75
microscope at an accelerating voltage of 200 kV. The high- 2 Theta (degree)
magnification TEM images and compositional analyses of
single nanoparticles were obtained using a FEI CM20
analytical electron microscope (AEM) equipped with an
EDAX energy dispersive unit. Powder X-ray diffraction haye been seen for cubic phase colloidal platinum nanopar-
(PXRD) spectra of nanoparticles were recorded on a Philipsticles#2 High magnification TEM images show that the
MPD diffractometer with a Cu K (1.5405 A) X-ray source.  average shell thickness of these nanoparticles3ss nm
X-ray photoemission spectroscopy (XPS) was recorded on(rigure 1b). Crystalline structures of the ceghell nano-

a Surface Science Laboratories SSX-100 instrument equippetharticles were analyzed using PXRD (Figure 2). The X-ray
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Figure 2. Representative PXRD spectrum of the ceséell
nanoparticles.

with a monochromatic Al anode X-ray gun. diffractions at 39.8 46.2, 67.5, and 81.3 26 can be
Figure 1 shows representative bright-field TEM images assigned to (111), (200), (220), and (311) planes of cubic
of core—shell nanoparticles made using a Pt(ag&e(CO} phase platinumim3m), respectively. The strong diffraction

mole ratio of 1:2. The nanoparticles are relatively monodis- from Pt is not surprising because of the heavy atom effect.
perse, and the contrast between the core and shell of theThe diffraction patterns of nanoparticles were relatively
nanoparticles was easily distinguishable in TEM images. The broad, most likely due to the small sizes of the nanopatrticles.
dark cores have an average diameter@d nm and possess It is known that PXRD is not an ideal method to
well-defined crystalline facets with the morphologies that characterize certain crystalline forms of iron-containing
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L1

C(1s) Table 1. Binding Energy (eV) of Core-Level Fe 2p Lines in
| Iron Oxides
Fe (2p)

2 . FesO4 y-Fe,03 core—shell
< 710 73 .

> /W\M sample powder? powder? nanoparticles
‘a Fe (3p) (1s)

8 50 55 3 Fe 2pap 711.9 710.6 710.9

£ Fe 2pa;2 725.8 724.3 724.9

aFe304 (98%, powder;< 5 micron) andy-Fex0s (99.9%) reference solids
were purchased from Sigma-Aldrich and used directly.
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Binding energy (eV) Figure 4. High-resolution TEM images of Pt@#®; nanoparticles
showing the fringes of (a) (221) and (b) (220) crystal planes of
Figure 3. (a) XPS spectra of oleic acid stabilized Pt@®gcore— -FQOQ,gsheIIs. 9 (@) (221) (b) (220) cry P
shell nanoparticles. Insets show expanded spectra of Fe 2p and 36/

core lines; (b) XPS spectra of Fe 2p core-level lines for oleic acid

stabilized Pt@F#; core—shell nanoparticleg;-Fe0; and FgO, previously reported*-3844Qur convergent evidences from

powder references. XPS, TEM and PXRD indicate that platinum is most likely
not present in the shell layer since the detectable X-ray

nanoparticles, such asFe,O; (cubic maghemite) and @, photoemission comes from the atoms in layers beneath the

(magnetite), because they both possess the inverse spinetxamined surfaces with a depth-e.8—5 nm. The observed
structure and can have similar PXRD patteth¥PS was core-level XPS spectra of C 1s (287 eV) and O 1s (531 eV)
used to examine shell structure of these nanoparticles,come from oleic acid and iron oxide.

because core electron lines of ferrous and ferric ions can The fine structures of the shell layers were further
both be detected and distinguishable in XPS. This techniquecharacterized using high-resolution TEM. Figure 4 shows
has been used to differentiate betweegdz@nd Fg0,4.4> 4" two representative TEM images that focus the crystalline
Figure 3a shows representative XPS spectra of the oleic acidstructures of the shells of the nanoparticles. The shell layers,
stabilized core-shell nanoparticles. The photoelectron peaks thin enough to be studied directly by TEM, typically had
at 710.9 and 724.9 eV are the characteristic doublet of Fethe same types of fringes running directly from the platinum
2psi2 and 2p,, core-level spectra of iron oxide, respectively crystalline surfaces. The fringes shown in Figure 4 have a
(inset). A relatively weak Fe 3p line at 55.9 eV was also spacing of~2.7 A (Figure 4a) ane-3.1 A (Figure 4b), which
detected. Both Fe 2p and 3p data matched closely with thosematch most closely to (221) and (220) planesyefe,Os;

of Fe0Os reported in the literatur®. To further confirm the (cubic maghemiteP4,32), respectively. We were not able
oxidation state of the iron oxide shells, we ran the referencesto obtain TEM images that show atomic lattices of the
of F&0, (98%, powder,< 5 micron, Aldrich) andy-Fe,0s platinum cores, presumably due to the relatively large size
(99.9%, Aldrich) powders under the same conditions as thoseof cores and the interference from the=e,0; shells.

for the core-shell nanoparticles (to rule out the discrepancy A distinct difference between the approach presented in
of XPS data due to the variation of instrumental conditions). this paper and those used in making metal alloys and other
Figure 3b shows the Fe 2p XPS spectra of both the two approaches of making nonalloy metal-containing nanopar-
references and the corshell nanoparticles. The binding ticles in octyl ethe¥®?is that the presented method is used
energy of Fe 2p, and 2p,, lines for these three different  for making core-shell nanoparticles via a one-pot stepwise
types of samples are summarized in Table 1. The XPS signalsprocess. In this procedure, platinum precursors first reacted
of the core-shell nanoparticles matched well with those of at the reflux temperature to form metal cores, which is
y-Fe0s; and differed from those of E®, by ~1 eV. No followed by the addition of iron pentacarbonyl at a designed
metallic iron signals could be detected in the XPS spectra. concentration in the same reaction vessel. This two-step route
The fact that no iron signal was observed suggested that Fe-allows the shell thickness of the cershell nanoparticles to
(CO) decomposition was accompanied by the oxidation of be manipulated in a controlled manner. The ease of ther-
iron either during the high-temperature reaction and/or the modecomposition of Fe(C®jn hot organic solvents offers
subsequent steps. The oxidation of surfactant stabilized iron-an additional advantage of making iron-containing species
containing nanoparticles of metals and alloys has beenon preformed platinum nanoparticles in situ. Figure 5 shows
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Figure 5. TEM images of Pt@F®; core-shell nanoparticles
made at two different Fe(C@koncentrations. The reactions last
for ~1 h at 290°C. The nanoparticles were made at the following
reactant mole numbers in octyl ether (2.5 mL): Pt(ag#0)25
mmol), Fe(COJ) (n mmol), 1,2-hexadecanediol (0.75 mmol), oleic
acid (0.125 mmol), and oleylamine (0.125 mmol), where 0.5
(a) and 1.0 (b).

two TEM images of Pt@F€; core—shell nanoparticles
obtained by injecting different amounts of Fe(G@ito the
reaction flasks immediately after Pt nanoparticled@ nm)

were formed. The nanoparticles shown in Figure 5a have an

average shell thickness 6f3.5 nm and were made with an
Fe(COj final concentration of 0.2 mM. Increasing the final
concentration of Fe(C@)o 0.4 mM led to the thickening
of F&O; shells of the nanoparticles t65.4 nm (Figure 5b).

In summary, we have shown that relatively monodisperse
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