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Heterogeneous dumbbell-like nanoparticles represent an important type of composite nanoma-
terial that has attracted growing interest. Here we report a general approach to noble metal—metal
oxide dumbbell nanoparticles based on seed-mediated growth. Metal oxides are grown over the
presynthesized noble metal seeds by thermal decomposition of metal carbonyl followed by oxidation
in air. The as-synthesized dumbbell nanoparticles have intrinsic epitaxial linkage between the metal
and the oxide, providing enhanced heterojunction interactions. Moreover, the properties of one
component are readily modified by the other in these nanoparticles, as demonstrated by the enhanced
catalytic activity toward CO oxidation of such dumbbell nanoparticles in comparison with their
counterparts prepared by conversional methods. The heterojunction effects provided in such
nanostructures thus offer another degree of freedom for tailoring material properties. The developed
synthetic strategy could also be generalized to other systems and thus represent a general approach to
heterogeneous nanomaterials for various functional applications.

Introduction

Heterogeneous nanoparticles (NPs) containing two or
more different functional units in epitaxial conjugation
are of interest because of their unique electronic,'
magnetic,” optical,'™* and catalytic* properties. Such
features mostly result from the nanoscale junction effects
presented in the structure. It is known that for a hetero-
junction between a metal and metal oxide, the material
properties at both sides close to the interface are modified
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from those in the bulk. This could be caused by many
factors, including surface reconstruction around the
junction,’ lattice mismatch-induced crystal strain,® and
electron interaction/transfer across the interface.'®>’
Nonetheless, tailoring material properties via heteroge-
neous conjugation to a large extent relies on the epitaxial
linkage between the two different types of materials.
The importance of such composite NPs is further
evidenced by the current intensive research for their
applications in a variety of aspects. For example, the
interaction between a semiconductor and metal in nano-
structures has been utilized to study charge transfer for
photovoltaics.® Nanoscale contact of Au NPs with a
metal oxide surface makes the “inert” Au highly active
in catalyzing CO oxidation.” Heterogeneous NPs con-
taining optically responsive metal and magnetic NPs have
been applied as multifunctional bioprobes for biomedical
detection and imaging.'® Understanding the interparticle
interactions at the nanoscale level has become crucial in
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Scheme 1. Seed-Mediated Growth for Noble Metal—Metal
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designing advanced composite nanomaterials for property
optimization today.'"

Here we report a general approach to noble metal—metal
oxide dumbbell NPs via organic solvothermal synthesis.
Through a seed-mediated growth method (Scheme 1),
we have been able to synthesize noble metal—metal oxide
dumbbell NPs with the metal oxide epitaxially grown over
the noble metal particles. The approach has been demon-
strated to be robust because of the success in preparing NPs
of diversified materials, with noble metals of Au, Ag, Pt, or
AuAg alloy and oxides of iron or cobalt. Catalytic study has
revealed that, for example, Au—Fe;04 and Pt—Fe;04 NPs
exhibit enhanced catalytic activity toward CO oxidation
compared to their conventional counterparts.

Experimental Section

Nanoparticle Synthesis. Au NPs. A solution of tetralin
(10 mL), oleylamine (10 mL), and HAuCl,-3H,0 (0.1 g) was
prepared in air at 20 °C and magnetically stirred under a
nitrogen flow; 0.5 mmol of a zert-butylamine—borane complex was
dissolved in tetralin (1 mL) and oleylamine (1 mL) and injected into
the precursor solution. The reaction was initiated instantaneously,
and the color of the solution changed to deep purple within 5 s. The
mixture was allowed to be aged at 20 °C for 1 h before acetone
(60 mL) was added to precipitate the Au NPs. The Au NPs were
collected by centrifugation, washed with acetone, and redispersed in
hexane.

Ag NPs. AgNO; (1 mmol) was dissolved in 20 mL of
oleylamine to form a solution. The solution was slowly heated
to 120 °C under a nitrogen flow. NP growth was conducted at
this temperature for 1 h. After the mixture had cooled to room
temperature, 30 mL of ethanol was added to the solution, and
the NPs were separated with a centrifuge. The precipitate was
dispersed in hexane. After being washed three times using
ethanol, the product was dispersed in 15 mL of hexane.

Pt NPs. For 3nm Pt NPs, platinum actylacetonate [Pt(acac),,
0.1 g], I-octadecene (ODE, 10 mL), oleic acid (1 mL), and
oleylamine (1 mL) were mixed under N> and magnetic stirring.
The mixture was then heated to ~65 °C to dissolve the Pt salt.
The temperature was then increased to ~180 °C. A hexane
solution of Fe(CO)s [0.1 mL, prepared by addition of 0.1 mL of
Fe(CO)s in 1 mL of hexane under argon] was quickly injected
into the hot solution. The solution was further heated to 200 °C
and kept at this temperature for 1 h before it was cooled to room
temperature; 40 mL of 2-propanol was added, and then the
suspension was centrifuged to separate the NPs. The particles
were washed with ethanol and then dispersed in 10 mL of hexane
for further use; 5 and 7 nm Pt NPs were synthesized by similar
procedures except that the Fe(CO)s solution was injected at
160 and 120 °C, respectively.

(11) Wang, C.; Xu, C. J.; Zeng, H.; Sun, S. H. Adv. Mater. 2009, 21,
3045-3052.
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AuAg Alloy NPs. AgNOj3 (2 mmol) was dissolved in 20 mL of
oleylamine. The solution was slowly heated to 100 °C under a
nitrogen flow. A HAuCly solution (0.2 mmol of HAuCl, in SmL
of 1-octadecene with 1 mL of oleylamine) was injected into the
hot solution. The solution temperature was then kept at 120 °C
for 0.5 h before the mixture was cooled to room temperature.
NPs obtained from this case have a Augg>Ago.1g composition
[measured by energy-dispersive spectroscopy (EDX)]. By chan-
ging the precursor ratio and growth time, we can continuously
tune the composition from Au-rich to Ag-rich. For example,
with 2 mmol of AgNOj; and 0.2 mmol of HAuCly, extending the
growth time to 1 h (at 120 °C) led to Aug.g0Ago.40 NPs. Ag-rich
NPs can be obtained by further increasing the amount of silver
precursor. With 4 mmol of AgNO; and 0.2 mmol of HAuCly,
growth for 1 h led to Aug soAgp 45 NPs while growth for 2 h gave
AUO_39Ag0_61 NPs.

Pt—Fe;0, Dumbbell NPs. For 3—10 nm Pt—Fe;O4 NPs,
1-octadecene (20 mL) and oleic acid (1 mL) were mixed and
stirred. The mixture was degassed at 120 °C under a nitrogen
flow for 30 min. Under a N, blanket, Fe(CO)s (0.14 mL,
1 mmol) was added. After 10 min, oleylamine (97%, Acros)
(1 mL) was added and 3 nm Pt seeds (20 mg, dispersed in 2 mL of
hexane) were injected into this hot solution. The resulting
solution was heated to 300 °C and kept at this temperature for
20 min before it was cooled to room temperature via removal of
the heating mantle; 60 mL of absolute ethanol was added to
precipitate the product, followed by centrifugation. The pre-
cipitated NPs were dispersed into hexane, precipitated out by
ethanol, and centrifuged. The process was repeated two times to
purify the NPs. The final product was dispersed in 10 mL of
hexane.

On the basis of the reaction conditions described above,
0.1 mL of Fe(CO)s led to the formation of 3—7 nm Pt—Fe;04
NPs. With 20 mg of 5 nm Pt seeds, 0.14 mL of Fe(CO)s gave
5—=17 nm Pt—Fe3;04 NPs and 0.1 mg of Fe(CO)s yielded
5—12 nm Pt—Fe;04 NPs.

Au(Ag,AuAdg)—Fe;04 Dumbbell N Ps. The recipe is similar to
that described above for Pt—Fe;04 NPs, except Au (Ag, Pd, or
AuAg) NPs were added as seeds instead of Pt.

Au(Ag,Pt,AuAdg)—CoO Dumbbell NPs. Diphenyl ether
(20 mL) and oleic acid (1 mL) were mixed and degassed at
120 °C for 30 min; 0.5 mmol of Co,(CO)g was added to this hot
solution, followed by I mL of oleylamine after 5 min. Seeding
NPs (11 mg) dispersed in 1 mL of hexane were quickly injected
into this solution. The resulting solution was heated to 260 °C
and kept in reflux for 30 min.

Characterizations. Samples for transmission electron micro-
scopy (TEM) analysis were prepared by depositing one drop of a
diluted NP dispersion in hexane on amorphous carbon-coated
copper grids. Images were obtained with a Philips EM 420 instru-
ment (120 kV). The high-resolution TEM (HRTEM) image was
obtained on a JEOL 2010 TEM instrument (200 kV). X-ray
diffraction (XRD) patterns were obtained on a Bruker AXS D8-
Advance diffractometer with Cu Ko radiation (1 = 1.5418 A).
Quantitative elemental analyses were conducted on a LEO 1560
SEM instrument equipped with spatially resolved energy dispersive
X-ray spectroscopy (EDX). Samples for EDX were prepared by
depositing the NP dispersion on a silicon substrate, and solvent
was allowed to evaporate under ambient conditions. UV—vis
spectra were recorded on a PerkinElmer Lamda 35 spectrometer
using quartz cuvettes.

Catalytic Study. Au—Fe;O4 or Pt—Fe;04 NPs (1 mL) were
dissolved in 20 mL of hexane and stirred for 10 min before
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Figure 1. TEM images of (a) 5nm Au, (b) 5nm Ag, (c) 5nm Pt, (d) 6 nm AuAg, (¢) 5—12 nm Au—Fe;04, (f) 5—12nm Ag—Fe;04, (g) 5—12 nm Pt—Fe30y,,

and (h) 6—10 nm AuAg—Fe;04 NPs.

0.160 g of SiO, (cabosil) was added. The suspension was stirred
overnight to evaporate hexane. The resulting solid was washed
with hexane and dried under vacuum. EDX showed that the
contents of noble metal in the prepared catalysts were 1.67% for
Auand 2.25% for Ptin weight. For CO oxidation, 50 mg of each
catalyst was packed in a U-tube with quartz wool and calcined in
an 8% O,/He atmosphere at 300 °C for 1 h to remove organic
residues and moisture (Fe;O,4 was oxidized to Fe,Oj3 after the
calcination). The catalyst was subsequently cooled to room
temperature, and the gas stream was switched to 1% CO
(balanced with air, <4 ppm H,O) at a flow rate of 37 cm®/min
[corresponding to a space velocity of 41900 cm® h™' (g of
catalyst) ']. A portion of the product stream was extracted
periodically with an automatic sampling valve at different
reaction temperatures and analyzed with a dual-column gas
chromatograph with a thermal conductivity detector. A com-
mercial Au—Fe,05 catalyst (World Gold Council, 5% Au in
weight) treated via the same procedures was used in the control
experiment.

Results and Discussion

To make dumbbell-like NPs, the key step is to prepare
monodisperse seeding NPs with proper size and surface.
Seed sizes of <10 nm would facilitate the control of
epitaxial overgrowth since otherwise the large particles
tend to precipitate in the seeded growth of noble metal—
metal oxide NPs. The surface ligand used in the seed
preparation is also important, which should be compa-
tible with the subsequent growth conditions and not bond
too strongly to the particle surface. For example, thiol can
hinder the epitaxial overgrowth of metal oxides on noble
metal NPs, producing composite NPs showing nearly
independent material properties of each component.'?
With the proper seeding NPs, metal oxide was then
overgrown via a seed-mediated approach by thermal

(12) (a) Gu,H.W.; Yang,Z.M.; Gao,J. H.; Chang, C. K.; Xu, B. J. Am.
Chem. Soc. 2005, 127, 34-35. (b) Zhang, L.; Dou, Y. H.; Gu, H. C.
J. Colloid Interface Sci. 2006, 297, 660—-664.

decomposition of metal carbonyl followed by oxidation
in air (Scheme 1).'?

We have employed organic solution synthesis with
rather weak ligands to grow the noble metal seeds, i.e.,
oleylamine and oleic acid which are bonding to the noble
metal surface not that strongly (the details of synthesis are
presented in the Supporting Information). Figure 1 shows
the TEM images of the noble metal—Fe;O, NPs and
the related noble metal seeds. Monodisperse 6 nm Au
NPs were obtained via a quick reduction of Au precursor
(AuCly ") by a tert-butylamine—borane complex at 20 °C
(Figure la)."® The size of Au particles can be further tuned
by the reaction temperature, with higher temperatures
leading to smaller Au NPs (e.g., 2.4 nm Au NPs were
obtained at 40 °C and 9.5 nm NPs at 2 °C);"*® 5 nm Ag
seeds were prepared by thermal reduction of AgNO; with
oleylamine at 120 °C (Figure 1b), where oleylamine
served as the solvent, the reducing agent, and the stabiliz-
ing surfactant. Injection of the HAuCl, precursor into the
hot oleylamine solution of AgNOj; before Ag nucleation
started (~100 °C) gave AuAg alloy NPs (Figure 1c), with
the alloy composition readily tuned by the ratio between
Au and Ag precursors.'* Pt seeds were synthesized by
thermal reduction of Pt(acac), by oleylamine in the pre-
sence of a trace amount of Fe(CO)s. Fe(CO)s was used to
control the Pt nucleation and to achieve Pt size control.
Via addition of the Fe(CO)s solution at 160 °C, 5 nm Pt
NPs were obtained (Figure 1d)."> The seeds were thus
mixed with Fe(CO)s in a nonpolar solvent (1-octadecenc)
at a mild temperature (~120 °C), where Fe(CO)s decom-
position had not started while the seeding NPs were still

(13) (a) Zheng, N.; Fan, J.; Stucky, G. D. J. Am. Chem. Soc. 2006, 128,
6550-6551. (b) Peng, S.; Lee, Y.; Wang, C.; Yin, H.; Dai, S.; Sun, S.
Nano Res. 2008, 1,229-234.

(14) Wang, C.; Yin, H. G.; Chan, R.; Peng, S.; Dai, S.; Sun, S. H. Chem.
Mater. 2009, 21, 433-435.
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Chem., Int. Ed. 2008, 47, 3588-3591.



3280 Chem. Mater., Vol. 22, No. 10, 2010

Wang et al.

Figure 2. HRTEM images of (a) Au—Fe;0,, (b) Ag—Fe;0,4, and (c) AuAg—Fe;04 NPs.

stable (particularly for thermally unstable Au, Ag, and
AuAg NPs), before the solution was heated to reflux for
growing dumbbell NPs. Monodisperse 5—12 nm Au—
Fe;O4 (Figure le), 5—12 nm Ag—Fe;04 (Figure 1f), 5—
12 nm Pt—Fe;0,4 (Figure 1g), and 6—10 nm AuAg—Fe;0,4
(Figure 1h) NPs were obtained with 20 mg of the noble
metal seeds and 1 mmol of Fe(CO)s.

Similar strategies have also been successfully applied
for the synthesis of other noble metal—metal oxide NPs,
like Pd—Fe3;0,4 (Figure S1 of the Supporting Informa-
tion) and Au,Pt—CoO (Figure S2 of the Supporting
Information). The Pd seeds prepared by the current recipe
have a size of ~1.5 nm. Metal oxide growth over such
small seeds gives almost full encapsulation of the seed,
leaving only a small fraction of the noble metal surface
exposed (Figure Slc of the Supporting Information). The
case of cobalt oxide overgrowth is somehow different
from that of Fe;0y, as the decomposition of Co,(CO)g
under the conditions described here usually gives highly
disordered Co nanocrystals and their follow-up oxidation
in air forms CoO of very poor crystallinity (Figure S3
of the Supporting Information).'® This nature of CoO
reduced the controllability and leads to the irregular
shape of the overgrown oxide NPs. Further annealing
might be required to crystallize the cobalt oxide for
potential applications.'®>!7

HRTEM images reveal the epitaxial relationship bet-
ween the noble metal and metal oxide in the composite
NPs. Figure 2 shows the HRTEM images of Au, Ag, and
AuAg—Fe;04 NPs with lattice fringes. The interfringe
distances were measured to be 0.23—0.24 nm for the noble
metal particles, corresponding to the (111) plane of fcc Au
or Ag. While (111) fringes were commonly observed for
noble metal particles, the situation is more complicated
for metal oxide NPs. The interfringe distance was mea-
sured to be 0.48—0.49 nm for the metal oxide particle in
panels a and c of Figure 2, while 0.24 nm for the particle in
Figure 2b, corresponding to (111) and (311) planes of inverse
spinel structured magnetite, respectively. The epitaxial rela-
tionship between the noble metal and the metal oxide
particles is thus evidenced by either the small mismatch
between Fe;O4 (311) and Ag (111) [ <5% (Figure 2b)] or

(16) (a)Sun, S. H.; Murray, C. B. J. Appl. Phys. 1999, 85,4325-4330. (b)
Wang, C.; Peng, S.; Lacroix, L. M.; Sun, S. H. Nano Res. 2009, 2,380—
385.
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Figure 3. XRD patterns of the noble metal—metal oxide NPs. The red
peak labels are for the fcc phase of the noble metals while the black labels
for inverse spinel structured Fe;O4 (magnetite). The position of the Au
(111) peak is indicated with a dashed line to guide the view.

the interfringe distance of Fe;O4 (111) being 2 times that of
Au or AuAg (111) (Figure 2a,c).

The crystal structures of the noble metal—Fe;04 NPs
are further confirmed by XRD. Figure 3 shows the XRD
patterns of the four types of composite NPs. All of them
show two sets of peaks, corresponding to fcc Au, Ag, or
AuAg alloy (marked in red) and magnetite (marked in
black). It can also be seen that the peaks for Pt have a shift
toward a higher angle than those for Au and Ag, with the
(111) peak at 38.7° for Au, 38.0° for Ag, and 40.1° for Pt,
consistent with the trend in lattice constants among these
noble metals: Pt (3.92 A) < Au (4.08 A) < Ag(4.09 A).

The epitaxial linkage between the metal and oxide in the
composite NPs has a significant effect on the properties of
individual particles. For example, Figure 4a shows the UV—
vis spectra of Au—Fe;0,4 NPs, where the surface plasmon
resonance (SPR) peak is broadened and has a red shift
(520 nm) compared with that of the Au seeds (515 nm).
Similar changes were also observed for the other NPs (e.g.,
Figure 4b for AuAg—Fe;O04 NPs). While the SPR peak
broadening can be caused by damping caused by the electro-
nic coupling between metal and oxide, the red shift has been
ascribed to electron transfer across the metal—oxide inter-
face.'* Such interactions could modify the electronic structure
of each component,”* which can be utilized to tailor
material properties for functional applications.
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Figure 4. UV—vis spectra of (a) Au and Au—Fe;0, and (b) AuAg and AuAg—Fe;0, NPs.

Oxidation and removal of CO from the feeding gas is
one of the key reactions in the contexts of both cleaning
air and energy conversion. Conventionally, CO oxidation
is catalyzed by Pt-based catalysts. This scheme works well
at high temperatures, but the efficiency substantially
decays when the temperature drops to near room tem-
perature. Thanks to Haruta’s pioneering work on the
highly active Au—Fe,Oj3 catalyst for CO oxidation, recent
efforts have been focused on heterogeneous noble metal—
metal oxide composites, which are usually prepared by
precipitation deposition,'® coprecipitation,'® ligand-
assisted deposition,”® ion exchange,”' or colloidal
deposition.”” Among them, the colloidal deposition app-
roach is particularly promising because of the recent
advancement in solution-phase syntheses of various
noble metal NPs with control of size, shape, and com-
position. In addition, sequentially synthesis and deposi-
tion of these NPs on supports avoid the constraint that
the support surface properties have to be compatible with
the deposition conditions of noble metal elements (e.g.,
isoelectric point). However, such a traditional colloidal
deposition approach usually suffers from a lack of direct
chemical noble metal—metal oxide interactions between
the presynthesized noble metal NPs and the metal oxide
matrix, while physically supported noble metal particles
are inactive at low temperatures.”> Furthermore, these
catalytic systems have limited thermal stabilities, and the
noble metal NPs often sinter under high-temperature
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reaction conditions, which causes a significant decrease
in the level of catalytic performance of the catalyst.!5¢:22

The noble metal—metal oxide NPs prepared here offer
an approach to overcoming the obstacles described above
while preserving the advantages of the colloidal deposi-
tion method. Figure 5 shows the conversion light-off
curves of Au— and Pt—Fe;04 catalysts for CO oxidation.
Au—Fe;04 and Pt—Fe;04 NPs were deposited on SiO,
according to a previously reported method and calcinated
at 300 °C in an oxygenated atmosphere, where no signi-
ficant change in particle size and the noble metal—Fe;04
heterojunctions were preserved after calcinations.”* The
results for Au/Fe,O5 (from World Gold Council, 5% Au
in weight) and 7, (the temperature at which CO con-
version reaches 50%) of Pt/Fe,O5>° catalysts prepared
by the conventional method with the same treatment
(annealed at 300 °C in an oxygenated atmosphere) are
also presented for the sake of comparison. We find that
both the Au— and Pt—Fe;04 NPs are more active than
their conventional counterparts. The Au—Fe;04 NPs

(24) Yin, H. F.; Wang, C.; Zhu, H. G.; Overbury, S. H.; Sun, S. H.; Dai,
S. Chem. Commun. 2008, 4357-4359.
(25) Siswana, N. P.; Trimm, D. L. Catal. Lett. 1997, 46, 27-29.
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exhibita T, of =25 °C, compared to a value of 30 °C for
the conventional Au/Fe>O3, while the temperature was
67 °C for Pt—Fe304 NPs versus ~100 °C for conventional
Pt/Fe>O;. The enhanced activities thus unambiguously
unveil the superior support effect of metal oxide in the
solution-processed noble metal—metal oxide NPs with
intrinsic epitaxial particle linkage, which would not only
provide stronger electronic interaction and a larger het-
erojunction interface but also enhance the thermal stabi-
lity of the noble metal NPs against particle sintering.>*

Conclusion

This work reported a general synthetic approach to
composite noble metal—metal oxide nanoparticles by seed-
mediated growth. With presynthesized noble metal seeds,
metal oxides were grown over them by thermal decomposi-
tion of metal carbonyl followed by oxidation in air. The
formed NPs possess a dumbbell-like morphology and were

Wang et al.

found to contain intrinsic epitaxial linkage between the
two components. Such nanoparticles were found to be highly
active for catalyzing CO oxidation with a performance
superior to that of the similar catalysts prepared by con-
versional methods. These heterostructured nanoparticles
represent a new generation of advanced heterogencous
nanomaterials and could have great potential for catalytic
and biological applications.
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