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Surface-enhanced Raman scattering (SERS) is ideally suited for
probing and mapping surface spedes and incipient phases on fuel
cell electrodes because of its high sensitivity and surface-selectivity,
potentially offering insights into the mechanisms of chemical and
energy transformation processes. In particular, himetal nano-
structures of coinage metals (Au, Ag, and Cu) have attracted much
attention as SERS-active agents due to their distinctive electromag-
netic field enhancements originated from surface plasmon reso-
nance. Here we report excellent SERS-active, raspberry-like
nanostructures composed of a silver (Ag) nanopartide core deco-
rated with smaller copper (Cu) nanoparticles, which displayed
enhanced and broadened UV-Vis absorption spectra. These unigue
Ag®@Cu raspberry nanostructures enable us to use blue, green, and
red light as the excitation laser source for surface-enhanced Raman
spectroscopy (SERS) with a large enhancement factor (EF). A highly
reliable SERS effect was demonstrated using Rhodamine 6G (R6G)
molecules and a thin film of gadolinium doped ceria.

Surface-enhanced Raman scattering (SERS) is a powerful tech-
nique in surface seience, electrochemistry, analytical chemistry,
and biology due to its provision of vibrational fingerprint
information of analytes with highly sensitive, surface-selective
and non-destructive characterization.™ There are two key
mechanisms,*® electromagnetic and chemical effeets, mainly
accepted for the enhancement of the SERS performance by
several orders of magnitude after the first discovery of the
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phenomenon of enhanced Raman signals from adsorbed pyri-
dine on roughened Ag surfaces in 1974 by Fleischmann.*
According to the electromagnetic mechanism, the loecal electric
field ean be enhanced when surface plasma of the nano-
structures is excited by incident light. Meanwhile, the chemieal
mechanism originates from charge transfer between SERS
materials and adsorbed molecules.

Recently, intensive efforts have been devoted to developing
new and religble techniques based on the deseribed mecha-
nisms of SERS enhancement using coinage metal nano-
structures, electrochemically roughened substrates, and
lithographie patterns.™** Nanoparticles of coinage metals,
especially those composed of Au, Ag, or Cu, have attracted much
interest due to their strong electromagnetic field enhancements
produced from the optical response of plasmonic particles
upon light irradiation.®***% Meanwhile, the new design of
these funetional materials is shifted toward more complex
structutes, ineluding bimetal nanostruectures in order to obtain
further enhancement from materials chemistry.'®'” Bimetal
nanopatticles of alloy ot core@shell structures often exhibit
improved physical and chemical properties arising from the
combination of different chemical compositions on the nano-
scale that are impossible from one component.

However, synthesis of raspberry-like bimetal nanoparticles
has not been reported, except for metal alloys™® or core®
shelP*** nanoparticles prepared by galvanic reaction.***
Raspberry-like nanostructures of bimetals can feature a
different chemical composition with higher surface area
compared to the core@shell structures. Moreover, they can
exhibit distinetive multi-functional properties compared to
their single-component counterparts. From the viewpoints of
practical SERS applications, the development of a facile
synthetic route still remains a challenge for fabrication of reli-
able SERS-active materials with good reproducibility and
uniformly high enhancement factor (EF).

To address this challenge, we have designed raspberry-like
nanostructures, Cu-decorated Ag nanoparticles, for obtaining
enhanced SERS performance with reproducible and uniform
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response. The Ag nanoparticles with a narrow distribution in
size and shape were prepared as seeds using a well-known
polyol process.”2*2# The unusual raspberry nanostructures of
Ag@Gu were produced after reduction of Cu precursors to Cu
nanoparticles on the surface of Ag nanoparticles in the presence
of poly{vinylpyrrolidone) (PVP) molecules and reducing agents.
The raspberry-like Ag@Cu bimetal nanoparticles were system-
atically characterized by SEM, TEM, and UV-Vis spectroscopy.
Furthermore, Rhodamine 6G {R6G) and gadolinium doped
ceria thin films {GDG) were used as probes for SERS applica-
tions with the unique raspbeny Ag@Cu struetures compared to
conventional core@shell structures.

Schematieally depicted in Fig. 1a is the synthetic process for
preparation of raspberry-like Ag@Cu bimetal nanoparticles by a
stepwise reduction method. In the first step, Ag nanoparticles
were obtained by a conventional polyol process, where ethylene
glycol (EG) serves as a solvent as well as a reducing agent for
reduction of Ag ions in the presence of PVP. Then, Cu precut-
sors wete reduced with hydrazine, leading to formation of Cu
nanoparticles on the surface of the Ag nanoparticles {see the
ESIt for details).

Fig. 1b-d show some typical morphologies of the raspberry-
like Ag@Cu bimetal nanoparticles with uniform size and shape.
As shown in Fig. 1b, all the Ag@Cu bimetal nanoparticles have
well-organized raspberry-like forms with rough surfaces after
decoration of the Cu nanoparticles on the surface of

Cu(NO;)
(@) Polyol N, H, "

—

Ag*

Fig. 1 (3} Scherne of fabrication of the raspbery-like Ag@Cu bimetal nanoc-
partidles and structure analyses of the raspberry-like Ag@Cu bimetal nanc-
particles. {l} SEM image of Ag®@Cu particles lcaded con a silicon substrate, TEM
imageswith low {c} and high {d} magnification, and (e} EDX line-scanning prefile
across the representative Ag@Cu nancrasphberry bimetal nancpartices.
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as-prepared Ag nanoparticles. The bright-field TEM image in
Fig. 1c revealed that the products were composed of a variety of
Cu nanoparticles grown on the surface of the Ag nanoparticles
due to an electron density difference between Ag (dark) and Gu
{grey). In particular, individual Cu nanoparticles with a diam-
eter of ~5 nm are supported on the surface of each Ag nano-
patticle, as ean be seen from the high-magnification TEM image
(Fig. 1d).

Our synthetic routes to Ag@Cu raspberries are based on a
modified polyol method. The reduction of metal precursors
with polyol at high temperatures in the presence of polymeric
capping agents has been regarded as a simple and versatile
route to produee various kinds of metal particles.'™»'* In this
study, spherical Ag nanoparticles (~45 nm) with a narrow size
distribution (ESI, Fig. 81t1) were first prepared by a polyol
method, and subsequently, Cu nanopatticles were deposited on
the Ag surface. PVP was added as a stabilizer to prevent Ag
nanoparticle aggregation, and control the spatial locations of
Cu ions on the surface of the Ag nanoparticles. Nucleation of
the Cu nanoparticles was initiated on the surface of the Ag
nanoparticles in the presence of PVP by reducing with hydra-
zine, and the well-defined raspberry-like Ag@Cu struetures were
obtained through further growth and self-assembly process of
the individual Cu nanoparticles.?®

Shown in Fig. 1e are some typical energy dispersive X-ray
spectroscopy (EDX) line profiles that reveal the composition of
the raspbertylike Ag@Cu bimetals. A single Ag nanoparticle
{ted signal} was located in the middle of the raspberry-like
bimetal nanopatticle, while several distinet Cu nanoparticles
(blue signal} were decorated in the outer regions. The corre-
sponding atomic ratio of Ag to Cu obtained by element
composition analysis was estimated to be ~2.6. In addition, HR-
TEM and XRD analyses (Fig. $31) indicated that Cu precursors
were successfully converted to Cu nanoparticles (not to copper
oxides) on the surface of the Ag nanoparticles.

UV-Vis spectroscopy was used to characterize the local
surface plasmon resonance {LSPR) property of different nano-
structured particles: spherical Ag, simple Ag@Cu core-shell
structure, and Ag@Cu raspberry after spin-coating on cover
glass. As is clearly seen in Fig. 2, the plasmonic peaks were
shifted significantly with the nanostructures for these samples.
The main absorption band of pure Ag nanoparticles (black dots)
was located at 433 nm, consistent with their corresponding size
and shape As a Cu shell is coated on the Ag core, the
absorption band of the core@shell structure (blue triangle) was
red shifted to 469 nm. It is well-known that the plasmon
extinction maximum is shifted by changes in the shell thickness
as well as its composition.®* It is similarly observed in alloy
systems with a range of compositions.*®

Interestingly, isolated Cu nanoparticles on the Ag nano-
particles showed a new, broad plasmonic band in the range of
500-800 nm, covering the range corresponding to the Cu
nanoparticles while retaining the typical absorption band of the
Ag nanoparticles. Furthermore, the LSPR at 576 nm generated
from the addition of the Cu nanoparticles increased gradually
with the amount of Cu nanoparticles loaded onto the Ag
particles {ESI, Fig. 84t). This is because the incident light will
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Fig.2 Compariscn of UV-Visabscrption spectra ofthe Ag nancparticlesand the
Ag@Cu bimetal nancpartides with a raspberrylike or a  core@shell
nancstructure.

interact not only with the Ag core portion of the raspberry-like
Ag@Cu bimetal nanostructures but also with the isolated Cu
nanoparticles, leading to broadening of the SPR peak (covering
the wavelengths corresponding to both Ag and Cu nano-
particles). This phenomenon was not observed in core@shell
and alloys type structures. It may be attributed to the distinetive
behavior that the Cu nanoparticles on the individual Ag nano-
particles of the raspberty-like Ag@Cu bimetals were formed
separately, resulting in their own SPR characteristics
Moreover, the intensity of the Ag@Cu raspberries was higher
than that of the Ag@Cu core@shell nanoparticles, because it
was associated with higher surface area of the designed
raspberries.

The raspberry-like Ag@Cu bimetal nanostructures were also
characterized by SERS using three different excitation sources
(488 nm for blue, 514 nm for green, and 633 nm for red laser)
(see the ESIT for Raman characterization). The SERS effect of the
Ag@Cu raspberries is evaluated using a commonly used dye
molecule {R6G) in this study. Fig. 3a-c¢ show the compatison
results of the different nanostructures (raspberries and
core@shell)] of the Ag@Cu bimetals with R6G (5 x
10 ° M em %) for the SERS. The Raman speetrum of R6G at a
concentration of 5 x 10 °Mem 7 is nearly featureless using all
three excitation wavelengths, as shown in Fig. 3a-c. The Raman
signal for R6G on the Ag@Cu nanoparticles was significantly
enhanced. In particular, it was observed that the bands at 1648,
1574, 1505, and 1362 em * are corresponding to C-C stretching
in the xanthene plane for the typical characteristics of the
R6G.™

It should be noted that SERS generated by noble nano-
particles depends strongly on particle aggregation® Our
samples were uniformly dispersed onto the substrates by a spin-
coating method, as shown in Fig. 3d. The EF of the raspberry
nanopatticles was estimated to be 600 and 220 under 514 nm
and 488 nm laser excitation, respectively (see part 5 of the ESIT).
In contrast, the EF of core@shell nanoparticles was ealeulated
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to be 140 under both laser excitations. Moreover, it is also
noticed that the SERS effect of core@shell nanoparticles under
the red laser is weal due to the fact that the plasmon band was
far from 633 nm. In contrast, the SERS effect of Ag@Cu rasp-
berries under the 633 nm is very substantial due to the new
plasmon band between 500 and 800 nm. Under the red laser the
EF of the raspberries is 7.3 times higher than that of core@shell
nanostructures based on the intensity comparison, while there
are no typical peaks in the case of pure R6G.

The EF based on the function of f, ., of R6G for the precise
caleulation {see the ESIt for the caleulation of EF) with a high
concentration of 5 x 10 © M em * which exhibited a clear
Raman response is not higher than those of other reported
SERS mnanoparticles®* In addition, the Raman intensity
enhanced by Ag@Cu raspberty nanoparticles is significantly
higher than that of Ag@Cu core@shell nanoparticles at all
incident laser wavelengths used in this study {Fig. 3a-c). The
unique LSPR characteristics of the raspberrylike Ag@Cu
bimetallic nanoparticles are reflected by the SERS effect at
different excitation wavelengths. Under the blue laser {488 nm)},
both the raspberry like and core@shell nanopatticles provide a
significant SERS effect, showing 220 and 140 times enhance-
ment, respectively. When excited with the green laser {514 nm),
the enhancement factor for the raspberry-like nanoparticles
inereased to 600, while it is still 140 for the core@shell nano-
particles. At red laser excitation (633 nm), the raspberry like
nanopatticles still provide a prominent SERS effect, but the
SERS effect of the cote@shell particles is almost diminished
(EF is difficult to caleulate due to the low signal intensity of the
normal Raman spectra). The unique enhancement effect of
raspberry nanoparticles under the red laser is attributed to the
LSPR peak at 500-600 nm, as a result of the exceptional archi-
tecture that allows both Ag and Cu to contribute to the SERS
effect. Moreover, the Ag@Cu raspberty nanoparticles are proven
to have better stability as shown in Fig. 86.f The Raman signal
enhancement was well-preserved even after the samples were
exposed to ambient air for 60 days.

It is noted that the signal intensity depends on the deposi-
tion method of R6G. The drop-coated ReG samples with the
SERS nanoparticles appeared to have higher signal intensity
than the spin coated samples, regardless of the type of nano-
particle (ESI Fig. 87t). The difference in SERS effect is attributed
to the distribution of the SERS particles on the substrate,
especially clustering of the particles resulted from the two
methods. The SERS particles prepared by drop-casting were
more clustered, thus producing stronger SERS effect than those
from spin-coating. For a given deposition method, however, the
SERS features were very reproducible as long as the coatings
were uniform.

We extended raspberry-like Ag@Cu bimetal nanoparticles to
other applications where they can act as SERS providers. In
particular, shown in Fig. 4 is a typical application of SERS in the
detection of Gd-doped ceria {GDG), which is commonly used to
enhance carbon and sulphur tolerance as electrolytes of solid
oxide fuel cells (SOFCs).**** The SERS effect of the raspberry-like
Ag@Cu bimetal nanoparticles was validated by loading them
onto an annealed GDG thin film {~80 nm thick) deposited on a
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Fig.4 Typical SERS spectra of a8 GDC thin film coated cn a silicon substrate coated with the raspberny-like Ag@&@Cu bimetal nancparticles using an excitation laser of
wavelength: (@} 488 nm, ¢k} 514 nm, and {c} 633 nm, and {d} SERS spectra collected at several points under the 488 nrm laser.

silicon wafer (ESI Fig. $8t). Three lasers with different wave-
lengths (488 nm, 514 nm, and 633 nmywere also used to inspect
both the normal and surface enhanced Raman spectra of the
GDC thin films. Under the 488 nm laser, the Ag@Cu nano-
raspberty-loaded sample showed stronger signal than the blanlk
GDC thin film, about 180 times enhancement in the F2g mode
of the GDC thin film, which is located at around 460 em .
When excited with the 514 nm laser, the raspberry structured
Ag@Cu nanoparticles provided 30 times enhancement to the
F2g mode of GDC. This enhancement factor decreased slightly
under the excitation of 633 nm laser to 50 times, further con-
firming the extraordinary SERS effect of Ag@Cu nano-
raspberries under the 633 nm laser. It is well-known that the
Raman activity of ceramic samples under 633 nm laser excita-
tion is generally lower than that under 488 nm or 514 nm laser
excitation.’ The significant SERS improvement for Ag@Cu
raspberty nanoparticles could potentially offer the convenience
of Raman characterization of thin ceramic films under a wide
range of excitation laser wavelengths. Furthermore, it is noted
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that the raspberry-like Ag@Cu bimetal nanostructures provide
the analyzable SERS signals even though the Raman cross-
section of the analytes is too low to be detected under a certain
condition.

In summary, we have successfully fabricated raspberry-like
bimetal nanostructures of uniform size and shape using a facile
stepwise reduction process. Small Cu nanopatticles of tuneable
size were individually deposited on the surface of the Ag
nanoparticles in the presence of PYP during the reduction of Cu
ions. It is shown that the finely organized Ag@Cu raspberries
have surface plasmonic peaks in the range of 500-800 nm,
covering those corresponding to both Ag and Cu nanoparticles.
The peak intensities are also stronger than those of the
core@shell structures of the Ag@Cu. As a result, a wide range of
excitation laser wavelengths may be used for SERS character-
ization. Furthermore, the SERS enhancement is highly repro-
ducible, as demonstrated by using R6G as a deteeting molecule.
Furthermore, the SERS-active nanostructures are also success-
fully used to study GDC as a typical ceramic material for the
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solid oxide fuel cells. The bimetal nanoparticles with high
surface area and distinet features may be used for other appli-
cations as well, including highly reliable and sensitive sensors.
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