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Complex Oxide—Noble Metal Conjugated Nanoparticles

Jun-Ling Guo, Yao-De Chiou, Wen-I Liang, Heng-Jui Liu, Ying-Jiun Chen, Wei-Cheng Kuo,
Chih-Ya Tsai, Kai-An Tsai, Ho-Hung Kuo, Wen-Feng Hsieh, Jenh-Yih Juang, Yung-Jung Hsu,
Hong-Ji Lin, Chien-Te Chen, Xue-Pin Liao, Bi Shi, and Ying-Hao Chu*

The past decade has witnessed tremendous progress in the syn-
thesis of nanoparticles (NPs) with controllable size, shape, and
composition.Zl However, these NPs would unlikely meet the
rising demand for the advanced breeds of building blocks for
functional materials and devices.l’l Hybrid NPs composed of
multiple components usually exhibit multiple functionalities.
These NPs attract tremendous research interest because of their
unique properties and applications that, however, are difficult (or
even impossible) to be achieved by single-component NPs.[*l
To date, significant progress has been achieved in the synthesis
of noble metal NPs with epitaxial unitary, binary domain hybrid
NPs (eg., Au@Ni, Au-Fe;0,, Au-TiO,, and Au—CdSe) by using
various synthetic methods including surface selective modifica-
tion,P! template-assisted self-assembly,®! phase separation,/”) and
surface-controlled nucleation and growth.!®l However, almost all
of these methods involve the use of environmentally harmful
chemicals (precursor, surfactant, and solvent) and complicated
synthetic procedures, which inevitably hinders the applicability
of these products. Complex oxides cover a broad spectrum of
intriguing functionalities due to the interplay among the lattice,
charge, orbit, and spin degrees of freedom. Heterostructures
containing complex oxides provide a powerful route to manipu-
late these degrees of freedom and offer tremendous opportuni-
ties for next-generation electronic devices.>2 However, using
conventional methods to synthesize complex oxides with small
size and high crystallinity is very difficult (due to the extremely
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strict requirements of well matching reaction rates of multiple
precursors), and combining them with noble metals in hybrid
NP structures even presents a greater challenge. Among var-
ious complex oxides, complex oxide NPs with a spinel structure
(e.g., CoFe,04, MnFe,0,, NiFe,0,) show remarkable optical,
electronic, mechanical, thermal, and magnetic properties.l'>14
These properties are exploited in technological applications like
ferroftuids,™® biomedicine,'® and recording media.'”? On the
other hand, as a large family of complex oxides, perovskites
(e.g., SrTiO;, BiFeOs;, LaMnO;) also draw wide-spread atten-
tion due to their catalytic,'® ferroelectric,!” and ferromagnetic
properties,?% as well as their application in superconductors,?!!
thermoelectrics,??l and fuel cells.?3! Nanometer-scaled per-
ovskites even exhibit distinct properties over bulk materials,
such as quantum paraelectricsi®! and photoluminescence.?!
In this study, a simple yet versatile strategy to synthesize com-
plex oxide—noble metal hybrid NPs is demonstrated. As model
hybrid NPs, gold-spinel heterodimer (Au-CoFe,0,) and gold—
pervoskite heterodimer (Au-SrTiOs;) NPs were fabricated. We
examined these NPs structurally and chemically by a combi-
nation of X-ray diffraction, Raman spectroscopy, synchrotron
radiation X-ray absorption, and X-ray photoelectron spectros-
copy. The interplay between complex oxides and noble metals
is explored based on the magnetic, plasmonic, and photocata-
lyic behaviors of these NPs. Our study paves the way to the
intriguing functionalities of complex oxide conjugation.

The synthesis of hybrid NPs is shown in Figure 1. This
approach allows ready control of the domain size of the Au
NPs (Figure 1a) and their in situ conjugation with complex
oxide NPs generated by a pulsed laser ablation in liquid (PLAL)
process. Firstly, we synthesized Au NPs with various size
(3-15 nm) based on a solution method, the details can be found
in the experimental section.?®! The solution with gold NPs
was then used in a PLAL process. The PLAL growth process is
depicted schematically in Figure 1b. When the laser irradiates
the target in a liquid, the local area around the laser spot can be
ablated, followed by the formation of a primary metal-droplet
region.l”’] The species are highly confined by the surrounding
liquid, leading to the formation of a plasma region.?®! Simul-
taneously, the surrounding Au NPs serve as heterogeneous
nucleation sites of complex oxides to form the heterodimer
hybrids with well-defined structure and composition. On the
basis of the above interfacial interaction, such a pulsed laser-
assisted nanoparticle-conjunction process can be extended to
other noble metal/complex oxide systems, due to the tremen-
dous versatility of the PLAL process.

In order to show the versatility of the PLAL process,
SrTiO; perovskite and CoFe,0, spinel were selected in this study.
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Figure 1. Schematic diagram shows the one-step in situ particle-conju-
gation process.

The morphology, particle size, and chemical information
of the as-prepared Au-CoFe,O, and Au-SrTiO; hybrid NPs
were analyzed by energy dispersive X-ray spectroscopy (EDX)-
assisted transmission electron microscopy (TEM), as shown in
Figure 2. It is clear that both of these hybrids are characteristic
of a heterodimer structure as evidenced by EDX analysis. The
Au domains appear deeper in contrast than CoFe,0, (Figure 2a)
or SrTiO; (Figure 2e). As shown in the inset line profiles of
Figure 2a and 2e, the EDX line-scan analysis clearly shows strong
Au element signals in the dark region, while strong Fe or Ti ele-
ment signals appear in the light colored region in CoFe,0, and
SrTiO; domains. The EDX elemental mapping of Au and Fe (as
shown in Figure 2b) further confirms the heterodimer structure
of Au-CoFe,O, NPs. High resolution TEM (HRTEM) images
are also used to investigate the crystallinity of these as-prepared
hybrids. Figure 2c and 2f show the HRTEM images and
Figure 2d and 2g are the corresponding fast Fourier transform

www.advmat.de

(FFT), respectively. In the case of Au-CoFe,0O,, it is noticed
that some clear lattice fringes with a spacing of 2.3 A can be
observed in the dark region, which corresponds to the {111}
planes of face-centered cubic (fcc) structured Au. Meanwhile,
the lattice fringes with a spacing of 4.8 A can be observed in
the light colored region, which could be indexed to the {111}
planes of spinel structured CoFe,0,.1?°! In the case of Au-StTiO;
(Figure 2e and 2f), the lattice was measured to be 2.3 A for the
noble metal particles, indicating the {111} planes of the fcc
structured Au; while the lattice fringes with a spacing of 2.8 A
can be found in the light color region, which could be assigned
to the {110} planes of the perovskite structured SrTiO;.3% The
structure was also investigated macroscopically by X-ray diffrac-
tion (XRD) (Figure S1, Supporting Information) and Raman
spectroscopy (Figure S2, Supporting Information), which, again,
confirm the structural symmetry of the as-prepared hybrids.
The details of the structural identification can be found in the
Supporting Information. After confirmation of the microstruc-
ture, the portion variation of hybrid NPs is also demonstrated in
Figure 2h (with a Au diameter around 3 nm) and 2i (with a Au
diameter around 15 nm), leading to the morphology change of
the hybrid NPs. Notably, it has been pointed out that the mor-
phology variation of the hybrid might alter its electronic prop-
erties, which may lead to controllable and new properties.?!l
However, it is also important to point out that the PLAL method
has a shortage regarding the size distribution of synthesized
nanostructures. In addition, it is also shown that the PLAL-
based conjunction process in the present study leads to a lack
of uniformity in the achieved products due to the observation
that some of the Au seeds and PLAL-generated oxide NPs show
a single domain without epitaxial structure. Therefore, further
attempts are certainly needed to overcome these problems.

Figure 2. TEM images of as-prepared a)Au—CoFe,0, and e)Au—SrTiOs, and EDX line analysis of a single heterodimer hybrid particle (marked with
white lines). EDX mapping analysis of two7 individual Au—CoFe,O, heterodimer NPs (b). HRTEM images of an individual Au-CoFe,O, (c) and its cor-
responding FFT pattern (d). HRTEM image of isolated SrTiOj; (f) and its corresponding FFT pattern (g). h) and i) demonstrate Au—CoFe,O, prepared

with different sized Au nanoparticles. Scale bars represent 5.0 nm.
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Figure 3. a) Fe-L,3 and b) Co-L,; spectra of Au-CoFe,O, heterodimer NPs taken with circularly polarized X-rays at T = 300 K. The photon spin
was aligned parallel (u*) or antiparallel (1) to the T T magnetic field. The corresponding XMCD signal and integration for Au-CoFe,O, are shown.

(c) Binding energies of Ti 2p;, and Ti 2p;, of the Au-SrTiO; sample.

In order to check the valence states and local environments
of the complex oxide NPs, we employed synchrotron radiation
X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS). It can be observed that the spectral line-
shape and energy position of the Co-L,; edge of Au—-CoFe,0,
is very similar to what was observed in the CoFe,O, thin
film, as shown in Figure 3, indicating Co?" valence states at
the octahedral (B) sites.’?) Two sharp peaks at the Fe-L; edge
lie at the same energy as the reference Fe,O; single crystal
demonstrating Fe3* valence states. Figure 3 depicts Co-L,3
(Figure 3a) and Fe-L, ; (Figure 3b) XAS spectra of Au-CoFe,0,
taken with circularly polarized light with the photon spin par-
allel, u*, and antiparallel, u, to the magnetic field. The differ-
ence spectrum, AL = u* — 7, ie., the X-ray magnetic circular
dichroism (XMCD) spectrum, is also shown in Figure 3. The
XMCD spectra are normalized to the main peak of the isotropic
spectra at the Co-L; edge. We obtained ~14% XMCD signal at
the Co-L; edge in Au—-CoFe,0, heterodimer NPs. The spectral
line-shape and energy positions of pu* and ™ at the Co-L, ; edge
of Au-CoFe,0, shown in Figure 3b are very similar to what
were observed in LaCoysMng 503, indicating Co?* valence states
at the octahedral (B) sites.?3! Note that the XMCD signal in
Figure 3a at 709.8 eV that originated from Fe*" at the octahedral
site and the XMCD signal at the Co-L; edge are both negative,
reflecting that the Co?" ions and the Fe’" ions residing at the
octahedral sites are ferromagnetically coupled.*l On the other
hand, the positive XMCD signal at 709.0 eV demonstrates that
the Fe** ions occupying the tetrahedral sites are antiferromag-
netically coupled with Fe3* at octahedral sites. To measure the
valence states of Ti cations in Au-SrTiO; heterodimer NPs, an
XPS measurement was performed, as shown in Figure 3c. It
can be observed that the binding energies of Ti 2p;;, and Ti
2p3); are around 464.4 and 457.9 eV, respectively, agreeing with
the literature values for SrTiO5.3*

After establishing structural and chemical information, now
we turn to explore the functionalities and interplay of these
hybrid nanoparticles. A strong influence on surface plasmon
resonance (SPR) of Au NPs conjugated with complex oxide
NPs was observed. Figure 4a shows the UV-vis spectra of pure
Au NPs with different sizes as well as the corresponding Au—
CoFe,0, and Au-SrTiO; heterodimer NP samples. It can be
found that the maxima of the characteristic Au SPR peak shows

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a blue-shift from 538 to 525 nm with the size of the Au particles
decreasing from 14.2 + 3.8 to 2.6 + 1.5 nm. After linking with
the CoFe,O, domain, the SPR peak shows a slight change in
its wavelength (red shifted by about 9 nm), while a more pro-
nounced change appears in the case of 14.2 + 3.8 nm Au—SrTiO;
from 538 to 553 nm, about a 15 nm red-shift. In addition, once
attached to the CoFe,0, domain, the 2.6 £ 1.5 nm Au-CoFe,0,
shows a 13 nm red-shift from that of the pure 2.6 £ 1.5 nm Au
NPs. A more dramatic red-shift appears in the case of 2.6
1.5 nm Au-SrTiOs, which was measured to be 565 nm, showing
a 40 nm red-shift from that of the 2.6 £ 1.5 nm Au NPs. The
SPR absorption cross-section strongly depends on the local die-
lectric environments. Therefore, the red-shifts of Au hybrids are
attributed to the changes of local dielectric environment around
the Au domain caused by the complex oxide domains. It is well
known that SrTiO; with a perovskite structure is endowed with
a large dielectric constant, and low dielectric loss. Thus, it is
reasonable that the Au-SrTiO; exhibits a more dramatic red-
shift of SPR compared with that of Au-CoFe,0,. These results
suggest the functionalities of a noble metal can be altered by
complex oxide conjugation, which also can be utilized to tailor
material properties for functional applications.*?’]

The interface communication between the nanometer-scale
Au domain and the CoFe,0, domain also leads to the change
of magnetization behaviors of the CoFe,0,, especially for the
Au-dominant heterodimer sample. Figure 4b shows the mag-
netization hysteresis loops of the 14.2 £ 3.8 nm Au—CoFe,0,
heterodimer, the 2.62 + 1.5 nm Au—CoFe,0, heterodimer, and
pure CoFe,0O, NPs generated under equal conditions, respec-
tively. It is evident that the 2.62 £ 1.5 nm Au—CoFe,0, and
14.2 + 3.8 nm Au-CoFe,0, exhibit, respectively, a 20 and 50%
lower saturation magnetization than the pure CoFe,O, NPs.
This behavior cannot be fully accounted for by the less than
3% difference in the magnetic volume, but must be explained
by a new anisotropy in CoFe,0, induced by the conjugation of
the Au domain. This may be caused by both thermal agitation
and the surface spin canting of the CoFe,0,. Due to the inter-
linkage of the Au domain, the number of nearest neighbors of
Co and Fe atoms at the CoFe,0, is reduced, which decreases
the interatomic exchange coupling. Thus, spins at the interface
become canted and saturate at lower magnetization.*>! This
provides an effective uniaxial anisotropy much like the surface
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Figure 4. a) UV-Vis spectra of Au NPs with different sizes and the corresponding Au—CoFe,O, and Au-SrTiO; heterodimer NP samples. b) Magnetiza-
tion hysteresis loops measured at 298 K, for assemblies of 8-10 nm CoFe,O4 NPs generated under equal conditions and 14.2 £ 3.8 nm Au-CoFe,O, het-
erodimer NPs with a 14.2 £ 3.8 nm Au domain and a 6-8 nm CoFe,O, domain. c) Photodegradation of rhodamine B (RhB, i) and methyl orange (MO,
if) on commercial TiO, (P25 aerosol), pure SrTiO; NPs, and Au-SrTiO; heterodimer NPs under visible light irradiation (wavelength > 420 nm).

anisotropy in thin films, which dominates the magnetic ani-
sotropy.?® Accordingly, ferromagnetism could be induced as
a result of numerous defects on the product surface, which
is well consistent with a previous report by others.’”] Indeed,
with a larger size of Au domain, a considerably large absolute
number of interfacial sites are expected, which, in turn, may
result in an obvious contribution to the change of saturation
magnetization due to thermal agitation.

The functionality of SrTiO; NPs is also strongly affected by the
conjugation of an Au domain. The photocatalytic activity of Au—
SrTiO; heterodimer NPs was examined as a demonstration by
monitoring the degradation of rthodamine B (RhB) and methyl
orange (MO). Figure 4c presents the relationship between the
irradiation time and degradation rate of MO catalyzed by com-
mercial TiO, (P25 aerosol), pure SrTiO; NPs, and Au-SrTiO,
heterodimer NPs under visible-light irradiation (>420 nm).
It can be observed that the Au-SrTiO; heterodimer exhibits a
more active degradation ability for both RhB (Figure 4c—i) and
MO (Figure 4c-ii) than that of both pure SrTiO; and P25. As
discussed in the changes of optical properties of Au—SrTiO;,
the coherent interaction between the SrTiO; domain and Au
domain can modify the electronic structure of each component.
Thus, it is suggestive that the great improvement of photocata-
lytic activity of SrTiO;z can be ascribed to the recombination of
photogenerated electron—hole pairs by Schottky junctions at the
Au and SrTiO; interface.’® Further investigations on the pho-
tocatalytic activity of the Au-SrTiO; heterodimer are certainly
needed with the purpose of understanding the electronic band
structure in such nanostructures in more detail.

In summary, as model complex oxide-noble metal hybrids,
gold—spinel heterodimer (Au—CoFe,0,) and gold—perovskite
heterodimer (Au—SrTiO;) NPs were successfully fabricated and
characterized in this study. The properties (optical, magnetic,
and photocatalytic) of the composed phases (Au, CoFe,0O,, and
SrTiO; domains) strongly depend on the interplay between the

Adv. Mater. 2013, 25, 2040-2044
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complex oxide and noble metal NPs. These results suggest that
the wide range of functionalities in complex oxides can serve
to enlarge the playgroup of NP conjugation and create a new
pathway to use complex oxide conjugated NPs for applications.
For example, with a spinel, i.e., CoFe,0, domain, one can apply
it as a highly sensitive magnetic sensor; with a pervoskite, i.e.,
a SrTiO; domain, one can apply it as a high-performance pho-
tocatalyst for light energy conversion. The electron deficient Au
in the heterodimer structure may be an efficient catalyst for rel-
evant technologically important reactions such as CO oxidation,
N,0O decomposition, and hydrogeneration.

Experimental Section

Materials Synthesis: A schematic illustration of this process is
presented in Figure 1. According to our previously developed bio-
synthesis of homogeneous Au NP colloids,?l HAuCl, was used as the
precursor, and bayberry tannin (BT, a soluble and natural polyphenol
extracted from the bark of Myrica rubra) was applied as both reductant
and stabilizer. The reaction was performed at room temperature and
finished within 30 s. The size of the Au NPs can be tuned by controlling
the concentration of BT. For example, reaction with a low concentration
of 100 mg L' of BT leads to the formation of ca. 6.5 nm Au particles,
while reaction with a relatively high concentration of 400 mg L' of
BT results in the growth of ca. 2.5 nm Au particles. The obtained Au
particles were then conjugated in situ with the laser-generated ejection
of CoFe,O, and SrTiO; constituents to form the homogeneous hybrid
Au-CoFe,O4 and Au-SrTiO; heterodimer NPs. Pure-phase CoFe,O,
and SrTiO; ceramic targets were ablated by a KrF (k = 248 nm) excimer
laser with a laser density of 1.2 ) cm™. The laser beam was focused at
a 2.0-3.0 mm diameter size below the liquid surface with a spot size of
0.2 mm.

Characterization Techniques: The morphology of the product was
observed by using TEM (Tecnai G? F20, Netherlands) equipped with a
field emission gun operating at 200 kV. TEM samples were prepared by
drop-casting the sample suspension onto a carbon-coated copper grid.
Raman spectra were recorded in back scattering geometry with a Raman
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spectrometer (Raman, HR800, Horiba Jobin-Yvon, France) equipped with
a liquid-N; cooled back thinned charge couple device (CCD) detector. The
output power of the Ar-ion laser operated at 514.5 nm was set at 2.5 mW.
The results have been analyzed by fitting the spectra to a Lorentzian line
shape. Raman spectra at temperatures below 300 K were obtained using
a Raman cell where liquid N, passes through a tube located below the
samples. A K-type thermocouple in contact with the sample holder in
the Raman cell was used for the temperature measurement. The Co- and
Fe-L, 3 XAS and XMCD spectra were recorded at the Dragon beamline of
the National Synchrotron Radiation Research Center (NSRRC) in Taiwan
with an energy resolution of 0.25 eV. The sharp peak at 777.2 eV of the
Co-L; edge of single crystalline CoO and at 709.6 eV of the Fe-L; of single
crystalline Fe,O; were used for energy calibration, which enabled us to
achieve better than 0.05 eV accuracy in the relative energy alignment. The
XMCD spectra at both the Co-L,; and the Fe-L,; edges were measured
at room temperature in a 1 T magnetic field with approximately 80%
circularly polarized light. The magnetic field makes an angle of 30°
with respect to the Poynting vector of the soft X-rays. The spectra were
recorded using the total electron yield method (by measuring the sample
drain current) in a chamber with a base pressure of 1 x 10~ mbar.
UV-visible absorption spectra were recorded at room temperature from
the spectrophotometer (Shimadzu UV-3600, Japan). Magnetization
measurements of the samples were performed on a Quantum Design
MPMS-XL5 SQUID magnetometer at 300 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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