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SERS of R6G absorbed on this developed array exhibits a higher intensity by ca.
30-fold of magnitude, as compared with that of R6G absorbed on the Au NPs-based
array without the modification of Ag films.
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Abstract

Nano-structured Ag and Au with well-defined localized surface plasmon resonance (LSPR)
are most popularly employed in the surface-enhanced Raman scattering (SERS)-related
studies. Ag possesses the highest molar extinction coefficient in metals, resulting in
stronger SERS effect than that of Au. However, compared to Au, the serious decay of
SERS enhancement in ambient laboratory air limits its reliable application. In this work,
we develop a new strategy for preparing highly SERS-active Ag films deposited on Au
nanoparticles (NPs)-decorated SiO, mask arrays based on electrochemical methods. The
idea is derived from underpotential deposition (UPD) of metals, which works on enhancing
the SERS effect of underneath Au NPs as well as on reducing the decay of surface Ag
films. Experimental results indicate that the SERS of Rhodamine 6G (R6G) absorbed on
this developed array exhibits a higher intensity by ca. 30-fold of magnitude, as compared
with that of R6G absorbed on the Au NPs-based array without the modification of Ag films.
This strategy also enables it practically applicable in the trace detection of solution
containing calcium pyrophosphate dihydrate (CPPD), which is a common form of calcium
crystals found in articular cartilage. In addition, aging (in an atmosphere of 50% relative
humidity (RH) and 20% (v/v) O, at 30 °C for 60 day) of SERS effect observed on this
developed array is significantly depressed, which is comparable to that observed on the Au

NPs-based array without the modification of Ag films.

Introduction

Surface-enhanced Raman scattering (SERS) of molecules in close proximity to the surface
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of nanostructured noble metals Ag and Au can be significantly enhanced by a classic factor
of 10° or even higher with progress in nanotechnology.l’2 For nanostructured Ag,
possessing the highest molar extinction coefficient among metals,” its SERS effect is
intrinsically higher than that of Au. However, compared to Au, the serious decay of SERS
enhancement in ambient laboratory air limits its reliable application.*” The known
mechanism of SERS consists of two major components. One is an electromagnetic
enhancements (EM),6’7 resulting from an increase in the electromagnetic field at the analyte
location, which is quite well recognized. The second contribution arises from charge
transfer between the adsorbate—metal surface complex, which is generally referred to as the
chemical enhancement (CHEM).*® Compared to the well-recognized EM, the CHEM is
poorly understood. In addition, the classic SERS enhancement of 10° orders could be
understood as the product of the predominant EM enhancement of 10* orders and the lower
CHEM enhancement of 10> orders. The CHEM mainly relies on self-assembled

10,11

manolayers (SAMs) of S- or N-containing molecules chemically adsorbed on
nanostructured Ag or Au, having unique molecular selectivity. Nevertheless, the EM is

widely suitable for physically adsorbed molecules on nanostructured Ag or Au in couples

of nanometers.

Although created SERS effect on nanostructured Ag or Au is encouragingly huge, the

reproducibility of SERS signals is equally important for its reliable application. As shown

12,13

in the literature, core@shell structures and array substrates'*"” have emerged as

promising approaches for meeting these requirements of both effective enhancement and
acceptable reproducibility. However, these fabrication procedures are labor-consumed.

116

Yang et al.” demonstrated a strategy for depositing uniform, conformal shells of Au on the

surfaces of Ag nanocubes to generate Ag@Au core—shell nanocubes with greatly enhanced
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chemical stability and SERS activity. Instead of conventional galvanic replacement
deposition of Au on Ag, they reported a robust synthesis of Ag@Au core—shell nanocubes
by directly depositing Au atoms on the surfaces of Ag nanocubes as conformal, ultrathin
shells. The success of this process relies on introducing a strong reducing agent to compete
with and thereby block the galvanic replacement between Ag and HAuCls. As reported by
Yang et al.,'”” well-ordered Au-nanorod (NR) arrays were fabricated using the focused ion
beam method (denoted as fibAu NR). Au or Ag nanoclusters (NCs) of various sizes and
dimensions were then deposited on the fibAu_NR arrays using electron beam deposition to
improve the SERS effect, which was verified using a low concentration of crystal violet
(10°M) as the probe molecule. An enhancement factor of 6.92x10° was obtained for
NCsfibAu NR, which is attributed to the combination of intra-NC and NR localized
surface plasmon resonance. When 4-aminobenzenethiol (4-ABT)-coated Au or Ag
nanoparticles (NPs) were attached to NCsfibAu NR, the small gaps between
4-ABT-coated NPs and intra-NCs allowed detection at the single-molecule level.

Recently, we reported on an innovative and facile fabrication of Au NPs-decorated
Si0, mask coated on indium tin oxide (ITO) glass as SERS array substrate.'® The obtained
correspondingly optimal enhancement factor (EF) is ca. 6.5 x10” based on model probe
molecules of Rhodamine 6G (R6G). In this work, a new strategy for preparing highly
SERS-active Ag NPs deposited on Au NPs-decorated SiO, arrays is proposed by utilizing
idea derived from underpotential deposition (UPD) metals. The advantages for improving
SERS effects of high enhancement and stability are discussed. The potential application in
effective detection of biochemical species of calcium pyrophosphate dihydrate (CPPD) by

using the created SERS-active substrate is also investigated
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Experimental section

Chemical reagents

Electrolytes of KCl, H,SO4, and Ag,SO4, and reagents of R6G were purchased from Acros
Organics. CPPD Crystals were purchased from Sigma Organics. All of the chemical
reagents were used as received without further purification. The experimental solutions
were prepared by using deionized (DI) water of 18.2 MQ cm provided from a MilliQ

system.

Sonoelectrochemical preparation of Au NPs-decorated SiO; mask

First, SiO, mask array was prepared according to a previous method.'® Then Au NPs were
sonoelectrochemically deposited on the prepared SiO, mask. In electrochemical
experiments, a sheet of gold with bare surface area of 4 cm?, a 2 x4 cm” platinum sheet, and
KCl-saturated silver-silver chloride (Ag/AgCl) were employed as the working, counter and
reference electrodes, respectively. All the electrochemical experiments were performed in a
three-compartment cell at room temperature (23°C) and were controlled by a potentiostat
(model PGSTAT30, Eco Chemie). In the oxidation-reduction cycle (ORC) treatment, the
Au electrode was cycled in a deoxygenated 0.1 M KCI aqueous solution from -0.28 to
+1.22 V vs Ag/AgCl at a rate of 500 mV/s for 200 scans under slight stirring. The durations
at the cathodic and anodic vertices are 10 and 5 s, respectively. After the ORC treatment,
Au- and Cl-containing complexes (precursors of Au NPs) were produced in the solution, as

reported in our previous study.'” Immediately, the treated Au electrode was replaced by the
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prepared SiO, mask-deposited substrate with a round bare surface area of 0.238 cm? in the
same solution. Then a cathodic overpotential of 0.6 V and an anodic overpotential of 0.2 V
from open circuit potential (OCP) of ca. 0.81 V vs Ag/AgCl were applied in turn under
sonication to prepare Au NPs-decorated SiO, mask substrate. The ratio of reaction times of
cathodic deposition to anodic dissolution of Au NPs is 0.1. In applying the cathodic
overpotential for pulse deposition of Au NPs, the total accumulated deposition time is 1
min. The ultrasonic treatment was performed by using an ultrasonic generator (model
XL2000, Microson) and operated at 20 kHz with a barium titanate oscillator of 3.2 mm
diameter to deliver a power of 80 W. The distance between the barium titanate oscillator
rod and the electrode is kept at 5 mm. The prepared substrate was rinsed thoroughly with

DI water for subsequent use.

Preparation of Ag film-modified Au NPs-decorated SiO; mask

The specifically cathodic deposition potentials of UPD Ag and bulk Ag deposited on the
Au NPs-decorated SiO, mask substrates can be obtained from the cyclic voltammograms.
The corresponding experiments were performed from -0.50 to +0.50 V versus Ag”0 at 20
mV/s in 0.1 M H,SO4 aqueous solutions containing 10 mM Ag,SO4. Then the substrates
were cycled in this range at 20 mV/s until the UPD Ag and bulk Ag waves became
well-defined. Finally, the scan was stopped and the potential was held at 0.00 V vs Ag”o,
which is just prior to the onset of bulk Ag deposition, as discussed later, for 30 s (60 s was
also used). Immediately, the Ag-deposited Au NPs-decorated SiO, mask substrates were

removed and rinsed thoroughly with DI water, and finally dried in a vacuum-dryer with

dark atmosphere for 1 h at room temperature for subsequent use.
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Adsorption of probe molecules on SERS-active substrates

In SERS measurements for R6G, 20 L R6G with concentration of 2 x 10° M were directly
dropped on the as-prepared SERS-active substrates by using a pipette from a working
solution of 100 mL. After 30 min for equilibrium the R6G-adsorbed substrates were rinsed
thoroughly with deionized water to remove any unbound R6G. Finally they were dried in a
dark vacuum-dryer for 1 h at room temperature for subsequent tests. In SERS
measurements for CPPD, 2 x 10° M CPPD-containing solutions were sealed in cells with
glass windows. The lasers were focused on the SERS-active substrates. The aging tests on
the SERS-active substrates were performed in an atmosphere of 50% relative humidity (RH)

and 20% (v/v) O, at 30 °C for 60 days.

Characterization of Ag film-modified Au NPs-decorated SiO, mask

The surface morphologies of Ag film-modified Au NPs-decorated SiO, mask substrates
were examined by scanning electron microscopy (SEM, model JEM-6500F, JEOL) with an
acceleration voltage of 20 kV. For high resolution X-ray photoelectron spectroscopy
(HRXPS) measurements, a ULVACPHI Quantera SXM spectrometer with
monochromatized Al K, radiation, 15 kV and 25 W, and an energy resolution of 0.1 eV
was used. To avoid the interferential signals from the substrate, an arrangement of tilt 15°
geometry between X-ray and samples was used in measurements. To compensate for
surface charging effects, all HRXPS spectra are referred to the C 1s neutral carbon peak at
284.8 eV. Surface chemical compositions were determined from peak-area ratios corrected

with the approximate instrument sensitivity factors. Raman spectra were recorded (Micro
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Raman spectrometer, Model RAMaker) using a confocal microscope employing a diode
laser operating at 785 nm. A 50x, 0.36 NA Olympus objective (with a working distance of
10 mm) was used to focus the laser light on the samples. The laser spot size was ca. 2.5 um.
A thermoelectrically cooled Andor iDus charge-coupled device (CCD) with 1024 x 128
pixels operating at -40 °C was used as the detector with a resolution of 1 cm™. All spectra
were calibrated with respect to silicon wafers at 520 cm™. For these measurements, a 180°
geometry was used to collect the scattered radiation. A 785 nm notch filter was used to
filter the excitation line from the collected light. The acquisition time for each measurement
was 3 s. Three sequential measurements were made for each sample. Five replicate
measurements at different areas were made to verify the spectra were a true representation
of each sample. For these measurements, a spot was focused at the center of the sample;
while the other four spots were focused at points ca. 1.5 mm from the center in the nominal
eastern, southern, western, and northern directions. The SERS effect was evaluated on the
strongest band intensity of R6G at ca. 1514 cm™ on the Raman spectrum. A normalized
band intensity of R6G at ca. 1514 cm™ was obtained by subtracting this band from the
nearby background of ca. 1550 cm™. An average band intensity was determined from five

measurements on each sample.

Results and discussion
Au NPs-decorated SiO; arrays modified with Ag NPs
In this work, SERS-inactive and nonconductive SiO, mask template was fabricated on

conductive ITO substrate, as shown in our previous study.'® The significant difference in
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conductivities between bare ITO substrate and SiO, mask is very important for following
sonoelectrochemical bottom-up deposition of SERS-active Au NPs in the pores of SiO,
mask. The measured conductivity of prepared SiO, mask on ITO is ca. 1.2 x 10* S cm™,
which is ca. one-sixtieth of magnitude compared to that of ITO (ca. 7.3 X 10° S ecm™,
which was determined by using a commercial instrument (Model RG-7B, Napson)
applying a four-probe technique with a direct current (DC) measurement at room
temperature.). This significant difference in conductivities guarantees the predominant
bottom-up deposition of Au NPs in the pores of SiO; mask coated on the conductive ITO
substrate. On the other hand, the modification of electrochemical underpotential
deposition (UPD)**?' of metal atoms on metal or metal oxide surfaces is a useful method
for functionalizing the surface and tailoring its properties. The UPD metal has a nobler
redox potential than the corresponding bulk metal, allowing an expanded potential
window in cyclic voltammetry.”> As shown in our previous report,” we have created
SERS-active Au NPs modified with monolayer of Ag film by using conventional UPD
methods based on UPD metals deposited on flat metal substrates.”** The improved
SERS effect from the modification of UPD Ag was observed, the SERS of R6G adsorbed
on the Ag UPD-modified Au NPs exhibits a higher intensity by ca. 12-fold magnitude, as
compared with that of R6G adsorbed on unmodified Au NPs. In this work, strategy of
UPD Ag on Au NPs-decorated SiO; arrays is modified to increase the surface coverage of
Ag on Au and enhance the corresponding SERS effect. In Ag multilayers, the
concentration of Ag,SO, is significantly increased in Ag multilayers from 1 to 10 mM

and the scan was stopped and held at the potential of UPD Ag for a longer duration.

Figure 1 demonstrates the typical voltammetric curves obtained at 20 mV s on
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SERS-active Au NPs-decorated SiO, array in 10 mM Ag;SOs and 0.1 M H,SO,.
Obviously, the waves became well-defined after three scans. In addition, the redox pairs of
dissolution and deposition of bulk Ag showed at 0.043 and -0.11 V vs Ag+/°, respectively.
However, the potentials regarding the dissolution and deposition of UPD Ag on the Au
NPs-decorated SiO, array did not show clearly due to monolayer of UPD Ag on porous Au
NPs are hard recorded. Therefore, in this work, the Au NPs-decorated SiO, arrays were
cycled in this range at 20 mV/s until the UPD Ag and bulk Ag waves became well-defined.
For Ag multilayers, the scan was stopped and the potential was held at 0.00 V vs Ag™°,
which is just prior to the onset of bulk Ag deposition, for different durations.

Figure 2 shows the surface morphology of a fabricated SiO, mask and the SiO, masks
decorated with different NPs of Au and Ag. As shown in Fig. 2a, pore sizes of ca. 350 nm
with wall thicknesses of ca. 60 nm were observed on the SiO, mask. As demonstrated in
Fig. 2b for deposition of Au NPs on the SiO, mask for 1 min by using pulsed
sonoelectrochemical method, the Au NPs are basically electrodeposited in the pores of
Si0, mask, as expected. Fig. 2c shows the deposition of bulk Ag on the Au NPs-decorated
Si0, mask. Obviously, over Ag NPs were deposited both on the Au NPs in the pore of
Si0, mask and the walls of SiO, mask. These results would reduce the effect of Ag
multilayers and the reproducibility of SERS-active array. Fig. 2d shows the deposition of
Ag multilayers on the Au NPs-decorated SiO; array for 30 s. Clearly, most of the Ag NPs
were deposited on the Au NPs in the pore of SiO, mask, which would increase the
reproducibility of SERS-active array based on laser spot size of 2.5 um. Also, the surface
morphology shows typical aspects of rough surfaces with strong Raman activities, which
demonstrate microstructures smaller than 100 nm.***” On the Ag multilayers -modified Au

NPs-decorated SiO, mask, the SERS effects are expected to be stronger than those

10
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observed on the unmodified Au NPs because both Ag and Au NPs contribute to the total
SERS effects under laser irradiation. The Ag multilayers can directly create
electromagnetic enhancement, while the underneath Au NPs can also contribute to the total
SERS effects due to the long-range effect of electromagnetic enhancement of the irradiated
Ag multilayers, as reported in the literature.”**’ With increasing the deposition time of Ag
multilayers from 30 to 60 s, bigger particle sizes of Ag NPs can be observed, as shown in
Fig. 2e. In SERS effect, molecules located between two metallic NPs display the greatest

SERS enhancement,*’""!

this kind of microstructure provides less chance for probe
molecules adsorbed on two metallic NPs. Therefore, a weaker SERS effect is expected for
longer deposition of Ag multilayers, as discussed later.

The existence of deposited Ag multilayers on Au NPs was further examined by using
HRXPS analyses. Curves a, b and c of Fig. 3 exhibit the HRXPS Ag 3ds/.3/» core-level
spectra of bulk Ag and Ag multilayers deposited on Au NPs-decorated SiO, arrays for 30
and 60 s, respectively. As reported by Jennings and Laibinis,** the binding energy of UPD
Ag deposited on flat polycrystalline Au is lower than that of the corresponding bulk Ag by
0.6 eV. However, when Fig. 3b (deposition of Ag multilayers for 30 s) is inspected and
compared with Fig. 3a (bulk Ag), the Ag 3ds,, main peak of the Ag multilayers is located at
368.3 eV with a positive shift of 0.3 eV with respect to that of bulk Ag. The difference can
be ascribed to the fact that the Ag multilayers are deposited onto Au NPs in this study, not

on a flat polycrystalline Au. A charge transfer occurs from Ag multilayers to the Au NPs. It

results in a stronger interaction between them. Clearly, the Ag multilayers deposited on the

Au NPs-decorated SiO, array in this study is well-defined. It shows in a type of valence Ag.

With increasing the deposition time of Ag multilayers from 30 to 60 s, the Ag 3ds, main

peak of the Ag multilayers is located at 368.2 eV with a less positive shift of 0.2 eV with

11
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respect to that of bulk Ag. It suggests a reduced interaction between Ag multilayers and Au
NPs, as shown in Fig. 3c. Therefore, we suggest that the Ag multilayers deposited on Au
NPs are of valence Ag due to charge transfers from Ag multilayers to the Au NPs. This
type of Ag multilayers is not prone to oxidation in air, resulting in the deposited Ag
multilayers are stable in air, which will be confirmed in the aging test. Also, the coupling
between the Au NPs and the Ag multilayers indeed happen. Further HRXPS analyses on
Ag and Au indicate that the contents of Ag multilayers on Ag multilayers-modified Au
NPs-decorated SiO; arrays are about 74 and 88 mol % for holding the potential at 0.00 V
versus Ag™° for 30 and 60 s in preparation, respectively. These values are calculated from
the ratios of content of Ag to contents of Ag and Au. Other elements are not considered in
analyses. The obtained values of 73 and 88 mol % from HRXPS analyses can represent
coverages of Ag multilayers deposited on Au NPs, which were also used in the

literature.*>**

Compared to conventional deposition of UPD Ag, these results confirm that
deposition of Ag multilayers with high coverage on the Au NPs-decorated SiO, arrays can

be obtained by increasing the concentration of Ag salt and prolonging the cathodic

polarization time in preparation.

SERS performances on Au NPs-decorated SiO; arrays modified with Ag NPs

Figure 4 shows the Raman spectra of 2 x 10® M R6G adsorbed on SERS-inactive SiO,
mask and the SiO, masks decorated with different NPs of Au and Ag. As shown in
spectrum a of Fig. 4, it is featureless due to lack of SERS effect from SiO; mask. With the
decoration of SERS-active Au NPs on SiO, mask, the characteristic Raman spectrum of

R6G is demonstrated, as shown in spectrum b of Fig. 4. With the modification of bulk Ag

12
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on the Au NPs-decorated SiO, array, this characteristic Raman intensity of R6G is
increased by ca. 5-fold of magnitude, as shown in spectrum c of Fig. 4. Encouragingly, as
shown in spectrum d of Fig. 4 for the modification of Ag multilayers (deposition for 30 s)
on the Au NPs-decorated SiO; array, this intensity is significantly increased by ca. 30-fold
of magnitude, as compared with that for Au NPs-decorated SiO; array. With increasing the
deposition time of Ag multilayers from 30 to 60 s, this increase in intensity is reduced to ca.
10-fold of magnitude, as shown in spectrum e of Fig. 4. In calculating the relative intensity,
we employ the normalized Raman intensity, which is calculated from the ratio of the
strongest intensity of R6G adsorbed on different types of Ag-modified Au NPs-decorated
SiO; arrays to that of R6G adsorbed on Au NPs-decorated SiO, array. Thus, no correction
to the normal Raman scattering intensity is necessary to account for differences in sampling
geometry and scattering phenomena.33 As shown in spectrum d of Fig. 4 for the

modification of Ag multilayers (deposition for 30 s), it is characteristic of Raman spectrum

of R6G.*® The band at ca. 614 cm™ is assigned to the C-C-C ring in-plane vibration mode.

The band at ca. 776 cm™ is assigned to the C-H out-of-plane bend mode. The bands at ca.
1130 and 1185 cm™ are assigned to the C-H in-plane bend modes. The bands at ca. 1314
and 1579 cm™ are assigned to the N-H in-plane bend modes. The bands at ca. 1365, 1514
and 1652 cm™ are assigned to the C-C stretching modes. In addition, the Ag multilayers
(deposition for 30 s)-modified Au NPs-decorated SiO, array exhibits a large enhancement
factor (EF) of 4.3 x10®. The EF value is calculated from the definition in the literature,’’

which is shown as below.

G=(N2/Ny) x (Isgrs/Irer) (1)

13
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where Isgrs is the integrated intensity of the R6G band under consideration collected on the
substrate surface. l.r is the integrated intensity of the same Raman band obtained by
focusing the laser line on an ITO substrate immersed in a 2 x 10° M R6G solution. Based
on this concentration of 2 x 10~ M the normal Raman spectroscopy of R6G is acceptable.
N; is the number of molecules constituting the first monolayer adsorbed on the substrate
surface under the laser spot area. Because the real surface area of Ag multilayers-modified
Au NPs-decorated SiO; array is difficultly obtained collection area based on laser spot size
(6.25 umZ) was used instead to calculate N; (collection area divided by the surface area of
one R6G molecule). In the calculation, the surface area of one R6G molecule of 2 x 107"
m?/molecule was used.”® This value was calculated from the geometric area of length (1.37
nm) x width (1.43 nm) of one R6G molecule. Thus, the estimated value for N; is ca. 3.125
x 10°. N; is the number of molecules excited within the volume of the laser waist for the 2
x 10® M R6G solution. In calculating N (irradiated solution volume multiplied by the
concentration of analyzed molecule) the volume of the laser waist is approximately to a
cylinder with a radius of 50 um and a depth in the sample of 3 mm. The calculated volume
is ca. 9.5 x 102 m®. Thus, the estimated value for N, is ca. 11.3 x 10'2. Based on the ratio
of (Isgrs/lrer) being 1.2 x 10% calculated from the Raman intensities at ca. 1514 cm™, the
proposed SERS-active substrate of Ag multilayers-modified Au NPs-decorated SiO, array
exhibits a large EF of 4.3 x 10®. Moreover, relative standard deviation (RSD) based on the
strongest band intensity of R6G at ca. 1514 cm™ was calculated from the five spots on
different areas for the same sample. The calculated values of RSD are ca. 18 and 16 % for

Au NPs-decorated SiO; arrays modified with Ag multilayers for depositions of 30 and 60 s,

14
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respectively. As reported by Huang et al.,”” SERS substrate of ordered Ag/Si nanowires
array with RSD of 14 % and EF of ~10° was presented. As reported by Li et al.,*” SERS
substrate of ordered Au semishells on hollow on TiO, spheres array with RSD of 12 % and
EF of 1.4 x 10° was presented. In SERS studies, high SERS enhancement is generally
accompanied with poor reproducibility. In this work, the large EF observed in this system is
more compatible in SERS application although the RSD is slightly higher than those shown
in the literature.

For practical application, the developed SERS-active substrate was also examined in
biomedical detections. Conventionally, light microscopy is capable of detecting
disease-related crystals seen in gouty arthritis.*! Recently, Raman spectroscopy was
employed for detecting this CPPD crystal because their unique Raman shift spectral pattern
and little interference from water.*'* However, the detection of CPPD by using SERS
technique was less shown in the literature. Fig. 5 demonstrates the corresponding SERS
spectra of 2 x 10° M CPPD adsorbed on different types of Ag and Au NPs-decorated SiO,
arrays. Spectrum a of Fig. 5 represents the solid CPPD crystals for reference. The
characteristic Raman bands of CPPD at ca. 741, 968, 1051, 1143, 1245, 1366 and 1885
cm’ are basically consistent with those of CPPD crystals reported in the literature.* ™ As
shown in spectrum b of Fig. 5 for Au NPs-decorated SiO, array without the modification of
Ag multilayers, the spectrum provides less information on the presence of slightly dissolved
CPPD. With the modification of Ag multilayers (deposition for 30 s) on Au NPs-decorated
SiO; array, in it was clearly found that the spectral intensity can be effectively enhanced by

ca. 6-fold of magnitude (based on the strongest and unique Raman band at 1051 cm™) due

15
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to the contribution from the Ag multilayers, as comparing spectrum c¢ with spectrum b in
Fig. 5.
It is well known that, Ag NPs as compared to Au NPs were severe susceptibility to

4344495 Therefore, their stabilities on the

oxidation under atmospheric condition.
corresponding SERS effects for Au NPs-deposited SiO, array and Ag film-modified Au
NPs-deposited SiO, array (developed in this work for the strongest SERS effect) were
examined in an atmosphere of 50% RH and 20% (v/v) O, at 30 °C for 60 days. Fig. 6
shows the corresponding decays of the SERS enhancement capabilities as a function of
aging time. The relative intensity was calculated as before. Obviously, the SERS
enhancement capabilities were gradually decreased with time for both arrays. After 60 days,
58% of the intensity remained for the Au NPs-deposited SiO, array without the
modification of Ag multilayers. Interestingly, comparable 52% of the intensity remained
for the Ag film-modified Au NPs-deposited SiO, array developed in this work.
Conclusively, significant improvement in anti-aging of SERS-active substrate is

successfully achieved by using Ag multilayers deposited on Au NPs-deposited SiO, array

with a considerable coverage of 73 mol % of Ag on Au.

16
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Conclusion

In this work, we have developed an innovative and facile preparation of SERS-active
ordered array of Ag multilayers-modified Au NPs-deposited SiO, mask coated on ITO
glass. By increasing the concentration of Ag,SO, and prolonging the duration in Ag
multilayers, the coverage of Ag on Au can be significantly increased. This results in the
corresponding enhancement of SERS effect as well as in reducing the decay of surface Ag
films. Experimental results indicate that the SERS of R6G absorbed on this developed
array exhibits a higher intensity by ca. 30-fold of magnitude, as compared with that of
R6G absorbed on the Au NPs-based array without the modification of Ag films. This
strategy also enables it practically applicable in the trace detection of solution containing
CPPD. In addition, aging tests suggest that SERS effect observed on this developed array
is significantly depressed, which is comparable to that observed on the Au NPs-based
array without the modification of Ag films. In addition, the large EF and acceptable RSD
observed in this system is more compatible in SERS application. Further studies for

obtaining optimal both low RSD and large based on this strategy are underway.
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Figure Captions

Fig. 1. Cyclic voltammograms of the first, second, third and forth scans for UPD Ag on
Au nanoparticle-decorated SiO, mask at 20 mV/s in 0.1 M H,SO4 aqueous solutions
containing 10 mM Ag;SO..

Fig. 2. SEM images of different Ag film-modified Au NPs sonoelectrodeposited on SiO,
masks: (a) blank SiO; mask (without deposition of metal NPs); (b) deposition of Au
NPs (without further deposition of Ag films); (c) Ag films deposited on Au NPs
(potential held at -0.11 vs Ag+/°, corresponding to bulk deposition, and electrode
taken out from solution immediately); (d) Ag films deposited on Au NPs (potential
held at 0.00 vs AgH °, corresponding to UPD, for 30 s); (¢) Ag films deposited on Au
NPs (potential held at 0.00 vs Ag™, corresponding to UPD, for 60 s).

Fig. 3. HRXPS Ag 3ds».i, core-level spectra of different Ag films deposited on Au
nanoparticle-decorated SiO, masks: (a) bulk Ag; (b) Ag multilayers for 30 s; (c) Ag
multilayers for 60 s.

Fig. 4. Raman spectra of 2 x 10® M R6G adsorbed on different Ag film-modified Au NPs
sonoelectrodeposited on SiO; masks: (a) blank SiO; mask (without deposition of metal
NPs); (b) Au NPs without further deposition of Ag films; (c) Ag films deposited on Au
NPs (potential held at -0.11 vs Ag+/°, corresponding to bulk deposition, and electrode
taken out from solution immediately); (d) Ag films deposited on Au NPs (potential
held at 0.00 vs Ag™°, corresponding to UPD, for 30 s); (¢) Ag films deposited on Au
NPs (potential held at 0.00 vs Ag™, corresponding to UPD, for 60 s).

Fig. 5. Raman spectrum of CPPD crystals (a), SERS spectra of 2 x 10° M CPPD adsorbed
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on Au NPs (without further deposition of Ag films) sonoelectrodeposited on SiO; mask
(b) and on Ag films (potential held at 0.00 vs Ag+/ °, corresponding to UPD, for 30 s)
deposited on Au NPs sonoelectrodeposited on SiO; mask (c).

Fig. 6. Variation of normalized Raman intensity of R6G adsorbed on different substrates in
50% RH and 20% (v/v) O, at 30 °C for 60 days. Solid and open circles represent R6G
adsorbed on Au NPs-deposited SiO, mask (without further deposition of Ag films) and
on Ag film-modified Au NPs-deposited SiO, mask (developed in this work for the

strongest SERS effect), respectively.
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