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latinum-based bimetallic alloys are

highly desirable for their potential in

magnetic storage, sensing, and
catalysis,' ~ often displaying properties
that are independent of their constituent
materials.® In addition to changes in the
geometric distribution of the individual at-
oms, the unique structure and bonding in
bimetallics can also lead to alterations in the
electronic structure of the material. For ex-
ample, PtNi alloys show enhanced activity
for oxygen reduction relative to pure Pt,” as
do similar alloys, including Pt;Co.2 How-
ever, bimetallic nanomaterials are not as
well-understood outside of single-
crystalline studies or theoretical modeling,
and the practical application of more com-
plex nanostructures is further complicated
by factors such as varied growth conditions,
the presence of surface stabilizing agents,
and the increased surface-to-volume ratio
of nanoscale materials. Bimetallic nanoparti-
cles have even been shown to undergo dy-
namic metal segregation in response to oxi-
dizing or reducing environments.’

As nanostructured systems increase in
complexity, the potential for structural and
compositional variations with respect to the
individual components rises dramatically.
Hybrid nanostructures, the combination of
two or more nanoscale materials to form a
new heterostructure, are being actively pur-
sued for a number of applications,'® includ-
ing device integration and assembly,’ 13
chemical and biological sensing,'*'* and
photocatalysis.’®~2* In particular, the inte-
gration of a metallic component with an op-
tically active semiconductor, directly in solu-
tion, can lead to novel materials that exhibit
new functionalities that result from the cou-
pling between the individual components.
For example, photocatalytic heterostruc-
tures can promote efficient charge separa-

ABSTRACT We present a detailed analysis of the structural and magnetic properties of solution-grown
PtCo—(CdS hybrid structures in comparison to similar free-standing PtCo alloy nanoparticles. X-ray absorption
spectroscopy is utilized as a sensitive probe for identifying subtle differences in the structure of the hybrid
materials. We found that the growth of bimetallic tips on a CdS nanorod substrate leads to a more complex
nanoparticle structure composed of a PtCo alloy core and thin CoO shell. The core—shell architecture is an
unexpected consequence of the different nanoparticle growth mechanism on the nanorod tip, as compared to
free growth in solution. Magnetic measurements indicate that the PtCo—(dS hybrid structures are
superparamagnetic despite the presence of a Co0 shell. The use of X-ray spectroscopic techniques to detect minute
differences in atomic structure and bonding in complex nanosystems makes it possible to better understand and
predict catalytic or magnetic properties for nanoscale bimetallic hybrid materials.

KEYWORDS: hybrid nanostructures - bimetallic nanoparticles -
core—shell - magnetic characterization - X-ray absorption spectroscopy

tion across a metal—semiconductor junc-
tion, followed by catalytic reaction at the
surface of the metal component.

The development of semiconductor—
metal hybrid nanostructures for magnetic
and catalytic applications requires a thor-
ough understanding of the metallic struc-
ture, which is difficult to predict for a
complex system where nucleation and
growth proceeds on the tip of a semicon-
ductor. In a previous communication, we
reported the selective growth of Pt, PtCo,
and PtNi nanoparticles on the tips of CdS
rods in solution.?* Here, we present a de-
tailed analysis of the structural and mag-
netic properties of PtCo—CdS hybrid struc-
tures in comparison to similar free-standing
PtCo nanoparticles. X-ray absorption spec-
troscopy (XAS) is utilized as a sensitive
probe for identifying subtle differences in
the local structure and composition of the
hybrid materials, which can be difficult to
discern using traditional analytical methods
such as electron microscopy and X-ray dif-
fraction (XRD). While the electronic and
atomic structures of noble metal-based
bimetallic alloys and free-standing PtCo



nanoparticles have been actively investigated via XAS
for the past decade,?®33 the application of XAS to nano-
scale heterostructures such as our hybrid materials is
relatively new and can be effective in forming a more
complete picture of compositional variation within
these complex nanostructures. Such differences are im-
portant because they may have a significant effect on
the electronic and surface properties of hybrid materi-
als, which will ultimately dictate their photocatalytic
and magnetic properties.

RESULTS AND DISCUSSION

Structural and magnetic properties were investi-
gated for two different hybrid nanostructures com-
posed of bimetallic PtCo nanoparticles grown selec-
tively on the tips of CdS nanorods and compared to
similar free-standing PtCo nanoparticles. Hybrid
PtCo—CdS samples with different ratios of Pt/Co were
synthesized using a method described previously,* and
a sample of free-standing PtCo nanoparticles contain-
ing approximately 15% Co was prepared according to
the method of Shevchenko et al.? The hybrid samples
with a 3:1 Pt/Co ratio and a 1:1 Pt/Co ratio, as measured
by selected area energy-dispersive X-ray spectroscopy
(EDX) on single tips, are referred to as “Low Co” and
“High Co”, respectively. Figure 1 shows representative
transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM, inset) images of the free-
standing PtCo nanoparticles (Figure 1A), Low Co (Fig-
ure 1B), and High Co (Figure 1C) hybrid samples. Both
the PtCo nanoparticles and the CdS nanorods are crys-
talline, and the average dimensions of the CdS rods are
120 X 4 nm. The free-standing PtCo nanocrystals are
3.9 = 0.5 nm in diameter, while the High Co hybrids
have tips with an average diameter of 7.2 = 2.4 nm and
the Low Co hybrids have 3.6 = 1.1 nm tips. No visible
phase separation was observed in the nanoparticle tips
of the hybrid structures as a result of the growth pro-
cess on the CdS rods.

Investigation of the PtCo—CdS hybrid materials by
synchrotron-based XRD suggests that growth of PtCo
on CdS rods may not necessarily be analogous to the
formation of free-standing PtCo nanoparticles in solu-
tion. Figure 2 displays diffraction patterns for both hy-
brid structures, as well as the free-standing nanocryst-
als. The XRD pattern of the free-standing PtCo
nanocrystals exhibits reflections characteristic of a face-
centered cubic (fcc) lattice shifted to slightly higher
angles (+0.1°) than those expected for bulk Pt, which
is consistent with a change in lattice constant due to al-
loy formation.2® The peaks observed at 16 and 24° are
artifacts of the XRF tape used in data acquisition. Se-
lected area energy-dispersive X-ray spectroscopy (EDX)
analysis performed on single free-standing particles
gives an average of 15% (atomic) Co incorporation rela-
tive to Pt, while the change in lattice constant by XRD
corresponds to about 5% Co incorporation. On the
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Figure 1. TEM and HRTEM (inset) images of (A) free-standing
PtCo nanocrystals (3.9 = 0.5 nm) containing 15% Co, as de-
termined by selected area EDX, (B) Low Co hybrid nanostruc-
tures composed of PtCo nanocrystals (3.6 = 1.1 nm, 25%
Co by EDX) grown on CdS nanorods, and (C) High Co hy-
brid structures with PtCo tips (7.2 = 2.4 nm, 50% Co by EDX)
on CdS rods.

other hand, the XRD patterns for the Low Co and High
Co hybrid structures show the presence of crystalline
wurtzite CdS and pure Pt, with no peak shifts observed
to indicate alloy formation. While both the (111) and
(200) reflections of fcc Co overlap with CdS peaks, no
other crystalline structures of Co or Co-oxides can be
clearly identified in either of the XRD patterns.
Experimentally, we have observed that our Co pre-
cursor (cobalt acetate, Co(OAc),) is not reduced in the
absence of the Pt precursor under the reaction condi-
tions described here, either with or without the CdS
nanorods (see Methods section). These results suggest
that either a bimetallic alloy or a Pt—Co core—shell
structure is produced on the CdS nanorod tips since
Co is found to be present by selected area EDX analy-
sis. However, the HRTEM images in Figure 1 do not
show a visible core—shell interface, nor are there shifts
in the XRD patterns that are expected for incorpora-
tion of Co into a Pt lattice. Although Co-rich nuclei
have been proposed for Pt;Co alloys formed by the
co-reduction of highly reactive Co,(CO)g with Pt-
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Figure 2. X-ray diffraction patterns for the free-standing PtCo
nanocrystals and the Low Co and High Co hybrid nanostruc-
tures. The PtCo nanocrystals show a slight Bragg shift to higher
angles corresponding to a decrease in lattice constant with
Co incorporation, while the hybrid structures do not. The inci-
dent X-ray wavelength was approximately 0.88 A.

acetylacetonate (Pt(acac),),?® the Co(OAc), used here
cannot be reduced without the Pt precursor. Pure Pt-
tipped CdS rods, on the other hand, can be easily
formed,* suggesting that the formation of PtCo nano-
particles on the tips of the rods may first require the
nucleation of Pt metal. For metal combinations having
different reduction potentials, the metal with the most
favorable potential will often be reduced first.° In the
case of NiPt nanocrystals prepared by Weller and co-
workers, increasing the amount of Ni(OAc), added prior
to reaction favors growth rather than nucleation, indi-
cating that Pt-rich nuclei are formed at the outset of re-
action.”’ Therefore, the growth of bimetallic nanoparti-
cles in our hybrid structures may be initiated by
nucleation of Pt on the tips of the CdS rod, not only as
a consequence of the high surface energy at the tips
and the decreased activation energy for heterogeneous
nucleation but also due to the high affinity between Pt
and S. As growth continues, favor-

nanoparticle structure. The co-reduction of Co(OAc),
and Pt(acac), was performed in the absence of CdS
nanorods (see Supporting Information, Figure S1A).
The resulting nanoparticles contain approximately 40%
Co by bulk EDX analysis, but the XRD shift indicates
that only about 7% Co is incorporated. However, if the
same experiment is conducted in the presence of pre-
formed Pt seeds (see Supporting Information, Figure
S1B,C), the XRD shift is almost nonexistent and yet Co
incorporation is still as high as 40% by bulk EDX analy-
sis. The presence of a Pt seed, whether formed in situ to
promote reduction of a less easily reduced metal® or
preformed in a separate reaction, may interfere with the
lattice spacing of an alloy shell.

If we consider the Ni(OAc), precursor, which can be
reduced in the absence of Pt(acac), under the condi-
tions employed here, the co-reduction of Ni(OAc), with
Pt(acac), gives nanoparticles (see Supporting Informa-
tion, Figure S1D) that exhibit a significant XRD shift cor-
responding to 36% Ni incorporation. Due to the ease
with which Ni(OAc); is reduced, a Pt seed should not be
necessary for the growth of a PtNi alloy. However, in or-
der to reduce Ni(OAc), on CdS rods, Pt(acac), is re-
quired; otherwise, Ni nucleates homogeneously in solu-
tion rather than on the rod tips. The addition of Pt to
the reaction between Ni(OAc), and the CdS rods to form
the PtNi—CdS hybrid, published previously,?* also pre-
vents a shift in the diffraction pattern, indicating that a
Pt seed particle or Pt sticking layer associated with the
CdS rod may inhibit the expected lattice shift.

In the absence of perfect lattice matching, the
growth of one substance onto another can lead to lo-
cal strain at the interface. Growth of PtCo on a Pt nucle-
ate introduces substrate-induced strain as a result of
the lattice mismatch.?® Ordinarily, this strain is allevi-
ated as nanoparticle growth proceeds away from the in-
terface, but for very small nanoparticles anchored at
the tips of CdS rods, strain relaxation may not occur as
readily, leading to a PtCo alloy with a larger lattice
parameter.
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Figure 3. Normalized Pt L3- (A) and Co K- (B) edge XANES spectra of free-standing PtCo nano-
crystals, Low Co and High Co hybrid nanostructures along with appropriate reference materi-
als. The spectra in (B) are vertically offset for clarity. Feature | is characteristic of metallic Co spe-
cies, while Feature Il is characteristic of Co?* species.
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Figure 4. (A) Fourier-transformed magnitude of k*-weighted Pt L;-edge EXAFS spectra of the
free-standing PtCo nanoparticles and the two PtCo—CdS hybrids. The true interatomic distance
is approximately 0.5 A greater than that indicated by the x-axis due to the EXAFS phase shift. (B)
Comparison between experimental and theoretical EXAFS spectra for the Low Co hybrid sample
with two different model lattices: “All Pt” (fcc Pt structure) and “Pt;Co” (fcc Pt structure with
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5 To further probe the environ-
ment of the Pt and Co atoms in
these structures, EXAFS measure-
ments were used to determine the
local bonding characteristics. This
technique relies on the characteris-

25% of the Pt atoms replaced with Co atoms). The FT magnitude and FT imaginary parts are ver-  tic interference pattern between the

tically offset for clarity. (C,D) Similar EXAFS spectra acquired at the Co K-edge. (D) Two theoreti-
cal EXAFS spectra employ a rocksalt CoO structure alone, and a combination of rocksalt CoO and
fcc Pt;Co.

To gain more insight into the local composition
and atomic arrangement of the hybrid nanostructures,
X-ray absorption (XAS) measurements were performed,
which can provide useful information about bimetallic
species, such as details regarding bonding and oxida-
tion state.?’ Cobalt K- and Pt Ls-edge X-ray absorption
near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) measurements were car-
ried out on all three samples as well as relevant stan-
dard materials. The Pt L;-edge XANES spectra (Figure
3A) show that each of the samples (free-standing PtCo
nanoparticles and both hybrids) corresponds well with
elemental Pt and exhibits little variation or chemical
shift across samples in terms of position and amplitude
of the main absorption edge peak, also known as the
white line. The consistency in these spectra indicates
that the Pt in our samples is predominantly metallic and
not oxidized in any appreciable way. At the Co K-edge,
however, the situation is quite different (Figure 3B). The
spectra for the PtCo—CdS hybrids show a decrease in
intensity of the shoulder at 7712 eV (Feature 1), which
indicates a decrease in metallic Co species in the hybrid
nanostructures relative to the free-standing PtCo nano-
crystals. Additionally, there is a significant increase in
the principal absorption edge (white-line) intensity

outgoing photoelectrons from the
absorbing atom and backscattered
photoelectrons coming off of neigh-
boring atoms. The oscillatory interference pattern is
highly dependent on the identity of the surrounding at-
oms, as well as the coordination geometry and degree
of disorder. By comparing the experimental EXAFS
spectra with theoretical spectra obtained from model
lattices, which will be discussed presently, we can ascer-
tain the surrounding environment of the absorbing
atom and obtain a detailed picture of the local atomic
structure of the system.

The nanoparticle growth process that occurs on the
tips of a semiconductor nanorod is significantly differ-
ent than nanoparticle formation free in solution. Conse-
quently, the hybrid architecture may exhibit subtle dif-
ferences in the bimetallic composition and atomic
arrangement, depending on the Pt/Co ratio. The Pt Ls-
edge k*-weighted EXAFS spectra (shown in the Sup-
porting Information) were Fourier-transformed to real
(R) space in the k range of 2.8—11.2 A7"; the R space
spectra are shown in Figure 4A. As with the Pt XANES
measurements, there is very little variation observed in
the spectra across the three samples. As a result of the
large differences in atomic number and mass between
Pt and Co, the presence of Co in the Pt lattice should
significantly alter the X-ray backscattering properties
and, hence, yield different EXAFS spectra. These differ-



TABLE 1. Statistical EXAFS Parameters from the Best-Fit Models of Each Sample

Pt L;-edge Co K-edge
sample PtCo NPs Low Co hybrid High Co hybrid PtCo NPs Low Co hybrid High Co hybrid
R factor” 0.0049 0.0198 0.0089 0.0117 0.0112 0.0066
NN (R)e 2.751 = 0.002 (PY) 2.731 = 0.018 (Pt) 2.739 = 0.010 (PY) 2.679 = 0.070 (Pt) 2.062 = 0.063 (0) 2.053 = 0.072 (0)
2.660 = 0.089 (Co) 2622 = 0.127 (Co) 2633 = 0.116(Co) ~ 2.650 = 0.099 (Co) ~ 2.643 = 0.106 (Co/Pt)®  2.653 = 0.097 (Co/Pt)°
o2 (1073 A% 5.48 + 0.86 (P) 8.34 £ 1.29 (Pt) 6.96 = 1.09 (Pt) 9.02 = 2.58 (Pt) 8.60 = 5.98 (0) 8.15£530(0)
4.62 = 2.18 (Co) 5.63 = 2.62 (Co) 11.60 = 7.37 (Co) 6.40 = 3.93 (Co) 8.98 = 7.09 (Co/Pt)° 4.22 = 2.64 (Co/PY)’

“R factor is the fractional misfit between theory and experiment; NN is nearest-neighbor distance between the absorbing atom and the scattering atom indicated in paren-
theses, and o is the mean-square displacement of the scattering atom. °Due to fitting constraints from using two models simultaneously, the interatomic distance between
the absorbing Co atom and a Co or Pt atom in the bimetallic alloy could not be distinguished in these samples.

ences can be examined by creating model lattices and
comparing theoretical EXAFS fits with the experimental
EXAFS data. Two model lattices were created for fitting
the Pt EXAFS data. The first is a standard fcc Pt lattice;
this model lattice is called “All Pt”. The second model
lattice has a percentage of the Pt atoms in the fcc Pt lat-
tice randomly replaced with Co atoms, in accordance
with the EDX data obtained for each sample. For the
Low Co hybrid sample, 25% of the Pt atoms are re-
placed by Co atoms. This model lattice is called “Alloy”.

In the case of the Low Co hybrid sample, as well as
with the free-standing PtCo nanoparticles, the “Alloy”
model provides the best fit to the data, as shown in Fig-
ure 4B. Using the “All Pt” model lattice to fit the experi-
mental Pt EXAFS data from these two samples results
in fits that have worse fractional misfits (R factors) by a
factor of 5—10 (for full details, please see the Support-
ing Information). This suggests that, in spite of the lack
of a shift in the XRD Bragg peaks, Co is indeed incorpo-
rated into the Pt lattice during nanoparticle growth,
forming a bimetallic alloy on the CdS nanorod tips. The
Co nearest-neighbor distances (calculated from the “Al-
loy” model lattice) tend to be slightly smaller than the
corresponding Pt distances (Table 1); however, the Co
distances also tend to have larger standard deviations,
which is suggestive of a greater degree of disorder in
the PtCo lattice of the hybrid structures. Thus, while the
XRD measurements may reflect an overall average lat-
tice constant that is similar to pure Pt, the EXAFS results
suggest there may be some differences in the posi-
tions of the Co atoms in the PtCo lattice as a result of
the nonisotropic strain induced by a Pt seed on a CdS
nanorod substrate. These observations are also re-
flected in the k?>-weighted EXAFS spectra at the Co
K-edge (see Supporting Information), which shows a
high degree of oscillation damping in the hybrid
samples that is absent in the free PtCo nanoparticles.
For the High Co hybrid sample, on the other hand, the
best fractional misfit is obtained when the two model
lattices (“All Pt” and “Alloy”) are fit simultaneously in a
65:35 amplitude ratio (“Alloy”/“All Pt"). This suggests
that the Pt environment is perhaps more complex in
this sample, possibly as a result of the larger metal par-
ticles present on the nanorod tips.

Although the differences in the Pt EXAFS spectra
for the three samples are minimal, the Co K-edge EX-
AFS data displayed in Figure 4C indicate that there are
significant changes in the environment of the Co atoms.
The free-standing nanoparticles can once again be well-
modeled with the fcc PtCo “Alloy” model lattice, but
the hybrid structures do not fit this model lattice at all.
The most striking observation is the appearance of a
new peak at 1.5 A in the Fourier transformed spectra
of the hybrid structures (Figure 4C), which corresponds
to a nearest-neighbor distance of about 2.0 A (the true
interatomic distances are approximately 0.5 A greater
than that indicated from the ordinate of Figure 4A,C,
due to the EXAFS phase shift). This distance matches
very well with the nearest-neighbor distance in the
rocksalt structure of CoO. When the hybrid Co EXAFS
spectra are fitted using a combination of the fcc PtCo
model lattice and a rocksalt CoO model lattice (Figure
4D), convergence of the fit is obtained with a small mis-
match (R factor ~ 0.011; approximately 1% mismatch).
If only one of these two crystal systems is used for the
fitting, convergence is not obtained (R factor > 0.1). Full
fitting results for all samples at both metal absorption
edges can be found in the Supporting Information.

Coupled with the XANES analysis, the EXAFS mea-
surements suggest that, although the nanoparticles
present at the tips of the CdS rods appear homoge-
neous by TEM, they actually comprise a core of PtCo
surrounded by a very thin shell of CoO. These results
are in contrast to the data from the free-standing PtCo
nanoparticles, which show only the presence of a
single, uniform phase. The evidence for a core—shell
structure at the tips of the CdS nanorods can be ration-
alized in the context of the proposed growth mecha-
nism for bimetallic metal nanoparticles on CdS rods. As
stated above, it is believed that nanoparticle growth
on the CdS tips is initiated by Pt, and not Co, nucle-
ation on the CdS surface. As the particle grows, Co is in-
corporated into the Pt lattice, creating a strained bi-
metallic alloy. Size control of the particle tips is achieved
by increasing the amount of metal precursors added
to the CdS nanorods at the outset of the reaction. Even
though the ratio of Pt/Co remains consistent, the
amount of Co incorporation measured by EDX spectros-
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Figure 5. (A) Magnetization vs field measurements at 4.2 K for both hybrid samples and free-standing
PtCo nanoparticles. The magnetization of each sample is normalized to its total mass. (B)
Temperature-dependent magnetization measurements obtained by cooling the samples in zero-
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copy increases with the nanoparticle tip size. The pres-
ence of a Co shell at the nanoparticle surface may be a
result of enrichment with Co as growth proceeds away
from the strained interface and/or segregation of Co to
the surface in an effort to alleviate strain in the par-
ticle.® The Co shell could then undergo postsynthetic
oxidation upon exposure to air during the magnetic
and spectroscopic measurements, resulting in the for-
mation of CoO as suggested by the EXAFS data. In an-
other bimetallic system, calculations performed for
Rus;Pts clusters adsorbed on carbon predict migration
of Pt atoms to the cluster surface as a result of the stron-
ger binding of Ru to the carbon substrate which acts
as a driving force for segregation.3?

It should be noted that the predicted CoO shell is
likely to be extremely thin. For example, the average
particle diameter in the High Co hybrid sample is ap-
proximately 7.2 nm, and the Pt/Co elemental ratio, as
determined by EDX, is approximately 1:1. On the basis
of calculations from the elemental ratios, total particle
size, and unit cell volumes of both the PtCo and CoO
phases, we find that the PtCo core diameter would only
have to be reduced to about 5.4 nm, leaving a CoO
shell with a thickness of less than 1 nm, in order to sat-
isfy the elemental ratios obtained by EDX spectroscopy.
A shell this thin, and possibly amorphous, would be
very difficult to detect by TEM or XRD, even at high
resolution. The Low Co hybrid sample has smaller par-
ticles on the CdS nanorod tips, which would make de-
tection of a CoO shell on the nanoparticle even more
challenging.

It is also worth noting that similar spectroscopic
observations have been reported previously for
core—shell bimetallic nanoparticles.33~3° For example,
when Pt nanoparticles are intentionally overcoated
with a shell of a first-period transition metal (TM = Co,
Cu, Fe), XAS analysis reveals a chemical shift of the TM
XANES spectrum to a value between that of the pure
metal and the divalent oxide, and EXAFS indicates the
presence of both TM—O bonding and TM—Pt bonding.
Each effect can be explained by the oxidation of the sur-

only in the hybrid nanostruc-
tures, we believe this geometry
arises as a consequence of the
differing nanoparticle growth
mechanism that occurs on the surface of the semicon-
ductor nanorods as opposed to free nanoparticle
growth in solution.

The complex organization of the bimetallic tips in
the hybrid structures may have an effect on the mag-
netic properties of the hybrid structures relative to their
unhybridized counterpart. Figure 5 shows magnetic
measurements taken on all three samples in powder
form. At low temperatures, hysteresis is observed in all
three samples when the magnetization is measured as a
function of applied field. In the absence of pure Co
metal, which we do not observe in our samples, the
presence of hysteresis lends additional support for the
incorporation of Co into the Pt lattice, since, in the bulk,
neither pure Pt nor CoO possesses ferromagnetic prop-
erties. Temperature-dependent measurements (Figure
5B) indicate that both the free-standing nanoparticles
and the hybrid structures exhibit superparamagnetic
behavior, which is typical of nanoscale PtCo particles.
The blocking temperature, Tg, where the zero-field-
cooled (ZFC) and field-cooled (FC) measurements di-
verge, increases slightly from the free nanoparticles to
the Low Co sample, while a far greater increase is ob-
served for the High Co hybrid, which is commensurate
with a larger particle size on the tips of the CdS rods.
The peak magnetization in the ZFC measurement for
the High Co hybrid sample extends over a wider tem-
perature range than that for the Low Co hybrid or the
free-standing PtCo nanoparticles as a result of the larger
size distribution of the PtCo tips.

Although the growth of PtCo on CdS nanorods
promotes the formation of a more complex bimetal-
lic structure, the magnetic properties of the nano-
particles are retained leading to a multifunctional
hybrid material. Additionally, the hybrid architec-
ture of a ferromagnetic metal in contact with a semi-
conductor is very similar to that employed in stud-
ies of spin injection.3¢38 |t has been shown that both
paramagnetic materials as well as dilute magnetic
semiconducting materials can be endowed with spin
order near the interface of a ferromagnetic ma-



terial. It is possible that the presence of ferromag-
netic bimetallic nanoparticles grown on nanorod
tips can align a fraction of the free carriers in the
CdS rods. Such hybrid structures, with the ferromag-
netic component grown directly onto the semicon-
ductor, could be useful for studying nanoscale spin
injection into semiconductor nanostructures.

CONCLUSION

The analysis presented here is a clear demonstra-
tion of the new and unique properties resulting from
the creation of a hybrid nanostructure. With the direct
growth of PtCo nanoparticles onto the tips of CdS nano-
rods, we have observed unexpected structural changes

METHODS

Hybrid PtCo—CdS nanostructures with different ratios of
Pt/Co were synthesized using a method described previously,?*
and free-standing PtCo nanoparticles containing 15% (atomic)
Co were prepared according to the method described by
Shevchenko et al? The hybrid samples were thoroughly cleaned
prior to analysis to remove any free-standing particles.

TEM analysis was performed on a Tecnai G2 S-Twin micro-
scope operated at 200 kV, and HRTEM on a JEOL 2100F at 200
kV, or a Philips CM200/FEG microscope (200 kV) equipped with
a Link EDS detector for EDX spectroscopy. Suspensions of the
nanostructures were dispersed on carbon-coated copper grids
for electron microscopy and EDX analysis. The sizes of the nano-
particle tips in the PtCo—CdS hybrid structures were measured
across the longest axis.

The XRD and XAS measurements were conducted at the
hard X-ray microprobe beamline 10.3.2 of the Advanced Light
Source at the Lawrence Berkeley National Laboratory.* Diffrac-
tion data were recorded in transmission mode with a Bruker
SMART6000 CCD camera at 14 keV (A ~ 0.886 A) incident en-
ergy, with a beam size of 16 X 7 um? and exposure time of 240 s.
The two-dimensional diffraction patterns were radially inte-
grated to obtain XRD profiles and calibrated, using the Fit2D
software and an alumina (a-Al,0s) standard. Bragg reflections
observed in the XRD spectra at approximately 16 and 24° origi-
nate from the XRF tape on which the samples were mounted.
XAS spectra were acquired with a Si(111) crystal monochroma-
tor, in both transmission and fluorescence modes. The fluores-
cence and transmission yields were measured with a 7-element
Ge solid-state detector (Canberra) and an ion chamber filled with
pure N,, respectively. Energies were calibrated using Co and Pt
metal foils, with first inflection point at 7708.78 and 11562.76 eV,
respectively.*® All samples were measured at room temperature.

The spectra were calibrated, averaged, pre-edge background
subtracted, and postedge normalized using standard proce-
dures and custom LabView based software available at the
beamline. The k?-weighted EXAFS spectra were obtained in vari-
ous wave vector (k) ranges: 2.8—11.2 A~ for the Pt edge (all
three samples), 2.2—8.4 A~" for the free-standing PtCo nanopar-
ticles at the Co edge, and 2.2—8.4 A" for the PtCo—CdS hybrid
samples at the Co edge. The spectra were Fourier-transformed to
real (R) space using a Kaiser—Bessel window and fitted with the
FEFF8.0 program using the software ARTEMIS. Theoretical scat-
tering paths were obtained from crystallographic descriptions of
known models, and structural parameters, such as the coordina-
tion number, the interatomic distance, and the Debye—Waller
factor, were obtained from the fitting. Full information on the EX-
AFS analysis can be found in the Supporting Information.

For magnetic measurements, the samples were dried as films
and their magnetic properties measured with a SQUID magne-
tometer (Quantum Design MPMS XL). Field-dependent (M—H)
magnetization measurements were conducted at 4.2 K, while

in the composition of the metal nanoparticle tips, as in-
dicated by X-ray absorption spectroscopy measure-
ments. Despite the presence of a cobalt oxide surface
layer, the magnetic properties of the alloy particles at-
tached to the CdS tips are preserved. With the ability to
directly grow catalytic or magnetically active metal
nanoparticles onto semiconductor nanostructures, we
can create hybrid materials that can be precisely tai-
lored for desired applications. At the same time, the uti-
lization of advanced characterization techniques be-
comes increasingly important for identifying and
understanding compositional variation within hybrid
nanostructures which will play a significant role in the
resulting properties of these materials.

temperature-dependent (M—T) measurements were conducted
from 2 to 300 K with an applied field of 1000 Gauss after cooling
the sample to 2 K in zero-field.
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