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(Abstract: We report the synthesis of bifunctional Ag@SiO,/
Au nanoparticles with an “islands in the sea” configuration
by titrating HAuCl, solution into an aqueous suspension of
Ag@SiO, core-shell nanocubes in the presence of NaOH, as-
corbic acid, and poly(vinyl pyrrolidone) at pH 11.9. The
NaOH plays an essential role in generating small pores in
the SiO, shell in situ, followed by the epitaxial deposition of
Au from the Ag surface through the pores, leading to the
formation of Au islands (6-12 nm in size) immersed in a SiO,
sea. By controlling the amount of HAuCl, titrated into the re-
action system, the Au islands can be made to pass through

and protrude from the SiO, shell, embracing catalytic activity
toward the reduction of 4-nitrophenol to 4-aminophenol by
NaBH,. While the Ag in the core provides a strong surface-
enhanced Raman scattering activity, the SiO, sea helps main-
tain the Au component as compact, isolated, and stabilized
islands. The Ag@SiO,/Au nanoparticles can serve as a bifunc-
tional probe to monitor the stepwise Au-catalyzed reduction
of 4-nitrothiophenol to 4-aminothiophenol by NaBH, and
Ag-catalyzed oxidation of 4-aminothiophenol to trans-4,4"-di-
mercaptoazobenzene by the O, from air in the same reac-
tion system.

/

Introduction

Noble-metal nanocrystals have found applications in areas
ranging from catalysis to photonics, electronics, sensing, imag-
ing, and biomedical research.'' Bimetallic nanocrystals, in par-
ticular, have received ever growing interest in recent years be-
cause of their enhanced properties relative to their monome-
tallic counterparts.”” By controlling the ratio and spatial dis-
tributions of the elements, one can engineer and enrich the
properties of bimetallic nanocrystals to greatly expand their
scope of applications. One intriguing bimetallic system is
based upon Ag and Au. Silver nanocrystals exhibit localized
surface plasmon resonance (LSPR) in the visible region for sur-
face-enhanced Raman scattering (SERS),"'? and they can also
serve as a superb catalyst for oxidation reactions, including the
epoxidation of ethylene by 0, On the other hand, Au is
well-known for its intrinsic inertness. However, it has been
demonstrated that the catalytic activity of Au can be drastically
enhanced by substantially downsizing the nanoparticles."*'”
To this end, Haruta and co-workers discovered that the catalyt-
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ic activity of TiO,-supported Au nanoparticles toward CO oxida-
tion increased significantly as their sizes were reduced down
to 5 nm and below.™ In principle, by simply coating the sur-
face of Ag nanocrystals with discrete Au islands of less than
5nm in size, one could design a useful bimetallic system with
a unique integration of SERS and catalytic properties originat-
ing from the Ag and Au components, respectively.

Although it appears straightforward to prepare the afore-
mentioned Ag-Au bimetallic system, the synthesis inherits
a number of challenges. For of all, the galvanic replacement
between Ag and AuCl,” precludes the use of a protocol that
involves the reduction of AuCl,” in the presence of Ag nano-
crystals."® Even when the galvanic replacement is suppressed
through the introduction of a strong reducing agent, the dep-
osition of Au atoms tends to take a layer-by-layer rather than
island growth mode." It is possible to deposit pre-synthesized
Au nanoparticles onto the surface of Ag nanocrystals through
careful manipulation of surface charges, but it will be difficult
to prevent the Au nanoparticles from touching and merging
into larger structures. In addition, the tiny Au particles with an
enormous surface-to-volume ratio have a strong tendency to
coagulate during operation, ultimately losing their catalytic ac-
tivity. One approach to improving the stability against coagula-
tion is to encapsulate the Au nanoparticles with a thin, porous
oxide layer, such as SiO,, SnO,, CeO,, or TiO.. To this end, it has
been demonstrated that the oxide layer could serve as a physi-
cal barrier to isolate and confine the metal nanoparticles for
a variety of systems.”?! However, the presence of an oxide
layer tends to block the active sites on metal nanoparticles,
leading to reduction in catalytic activity when compared with
the naked metal nanoparticles.
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Herein, we report a rational approach to the synthesis of
Ag@SiO,/Au nanoparticles that consist of Au nanoparticles on
the surface of Ag nanocubes that are isolated from each other,
but not fully covered, by SiO,. We start with a Stober process
to deposit a thin layer of SiO, on the surface of Ag nanocubes
to generate Ag@SiO, core-shell nanocubes.”® We then titrate
aqueous HAuCl, into an aqueous suspension containing the
Ag@SiO, nanocubes, ascorbic acid (AA, a reducing agent),
poly(vinyl pyrrolidone) (PVP, a colloidal stabilizer), and NaOH at
pH 11.9. The OH™ ions can chemically etch the SiO, shell to
generate pathways for the reagents to directly access the sur-
face of the Ag nanocube.”” In the presence of AA, AuCl,”
could be reduced to generate AuCl,”.”® The galvanic replace-
ment reaction between Au*"/Au™ and Ag then quickly initiates
the nucleation and deposition of Au atoms on the surface of
Ag nanocube. Afterwards, the pores within the SiO, shell are
gradually filled by the Au atoms derived from the reduction of
AU*T/Au™ by AA, leading to the formation of discrete, well-de-
fined Au islands immersed in a sea made of SiO,. We confirm
the catalytic activity of the Au islands using the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH,. We also
demonstrate that the bimetallic nanoparticles exhibit SERS ac-
tivity, which is 10-fold stronger than that of the Ag@SiO, nano-
cubes. Remarkably, the integrated catalytic and SERS properties
of these nanoparticles can be used for in situ SERS probing of
the Au-catalyzed reduction of 4-nitrothiophenol (4-NTP) by
NaBH, and the Ag-catalyzed oxidation of 4-aminothiophenol
(4-ATP) by O, from air.

Results and Discussion

We followed the published protocols to synthesize the Ag
nanocubes (Figure 1A) with an edge length of 38.6+1.8 nm
and the Ag@SiO, nanocubes (Figure 1B) with an oxide shell of
6.0+£0.2 nm in thickness, respectively.?>*® We then dispersed
the Ag@SiO, nanocubes in an aqueous solution containing AA,
PVP, and NaOH at pH 11.9, followed by the titration of aqueous
HAuCl, using a syringe pump at a relatively slow rate under
ambient conditions. Figure 1C shows a TEM image of the
sample obtained after the titration of 0.4 mL aqueous HAuCl,,
indicating the formation of Au islands, with sizes ranging from
6 to 12nm in diameter, over the surface of each Ag@SiO,
nanocube. It should be pointed out that the thickness of the
SiO, shell remained essentially the same during the transforma-
tion of Ag@SiO, nanocubes into Ag@SiO.,/Au nanoparticles
(see the insets of Figure 1B and C). Figure 1D shows a high-
angle annular dark field scanning TEM (HAADF-STEM) image of
two Ag@SiO,/Au nanoparticles, from which we could simply
distinguish Au from Ag by contrast. As shown in Figure 1E and
F, electron energy-loss spectroscopy (EELS) mapping of these
two nanoparticles clearly confirmed the generation of discrete
Au islands directly on the surface of each Ag nanocube, with
SiO, serving as a spacer among the islands.

We also used high-resolution HAADF-STEM to resolve the in-
terface at which the growth of Au was instigated. As shown in
Figure 2A and B, the Au atoms directly nucleated and grew
from the surface of the Ag nanocube encapsulated in the SiO,

ChemNanoMat 2017, 3, 245 - 251 www.chemnanomat.org

246

CHEMNANOMAT

Full Paper

Figure 1. TEM images of (A) Ag nanocubes, (B) Ag@SiO, nanocubes, and
(C) Ag@SiO,/Au nanoparticles prepared with the titration of 0.4 mL of

0.1 mm aqueous HAuCl,. (D) HAADF-STEM image and (E, F) EELS mapping
images of the Ag@SiO,/Au nanoparticles.

shell. Figure 2C-E shows the STEM-EELS mapping of Au, Ag,
and Si, respectively. We confirmed that the initial deposition of
Au atoms was indeed initiated from the surface of the Ag
nanocube, followed by the continuous growth into a Au island
(Figure 2C). There was a detectable layer of Ag on top of the
outermost surface of the Au island (Figure 2D). The silica layer
was retained on the surface of the Ag nanocube, with very
little coverage on the Au island (Figure 2E). However, it is diffi-

kel —2nm

-2 nm

Figure 2. (A,B) HAADF-STEM images, at two different magnifications, of a Au
island on the surface of a Ag@SiO,/Au nanoparticle that was prepared with
the titration of 0.4 mL of 0.1 mm aqueous HAuCl,. (C-F) STEM-EELS elemen-
tal mapping of Au (red), Ag (green), and Si (blue), respectively, of the Au
island.
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cult, if not impossible, to clearly resolve any silica layer on the
outermost surface of the Au island. Taken together, we believe
that the Au nanoparticles and SiO, shell were situated on the
surface of each Ag nanocube with an “islands in a sea” config-
uration (Figure 2F).

Figure 3 illustrates a mechanism proposed to account for
the formation of Ag@SiO,/Au nanoparticles. In the first step,
small pores are generated in situ in the SiO, shell due to chem-
ical etching by NaOH.”” We argue that such pores ultimately
determine the sites for the nucleation and epitaxial growth of
Au islands on the surface of each Ag nanocube. In the second
step, upon the titration of aqueous HAuCl, in the presence of
AA, it is possible that Au*" would be reduced to generate
Au".”® These Au*"/Au™ ions would diffuse through the pores
to react with the Ag surface via galvanic replacement for the
initial deposition of Au atoms on the surface of each Ag nano-
cube at the expense of Ag atoms from the nanocube, leading
to the formation of a Ag core slightly deviating from the cubic
shape (see Figure 1C). We suspect that these dissolved Ag™
ions could then react with OH™ for the generation of Ag,0O
patches on the surface of Ag nanocubes, preventing the un-
derlying Ag from further reaction with Au**/Au.®" In the third
step, as the titration of HAuCl, is continued, the Au atoms de-
rived from the reduction of Au**/ Au™ by both AA and Ag will
result in the formation of Au islands that pass through and
eventually protrude from the SiO, shell, leading to the genera-
tion of Ag@SiO,/Au nanoparticles with an “islands in the sea”
structure. Likely, some Ag™ ions in the reaction solution were,
in turn, reduced by AA to generate Ag atoms, followed by
their deposition onto the surface of Au islands (see Figure 2D).
These results also support our argument that the AA was in
proximity to the surface of Ag nanocubes, facilitating the re-
duction of Au**/Au* ions for the continuous growth of Au is-
lands as more HAuCl, was titrated into the reaction solution. It
is worth mentioning that, during the growth of Au islands, the
galvanic replacement reaction would create new sites for the
epitaxial growth of more Au islands on the surface of each Ag
nanocube. As a result, we obtained Ag@SiO,/Au nanoparticles
with variations in both number and size for the Au islands
among different particles (see Figure 1C).

To further validate our hypothesis, we collected another two
data points with the titration volume of HAuCl, at 0.2 and

@
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NaOH Titration
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Step 2: Creation of Au sites
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0.8 mL while keeping all other experimental parameters unal-
tered. Figure S1 in the Supporting Information shows TEM and
SEM images of the as-obtained samples. With an increase in ti-
tration volume, the products showed increase in both the cov-
erage of Au islands on each Ag nanocube and the size of indi-
vidual Au islands. Our inductively coupled plasma mass spec-
troscopy (ICP-MS) analyses indicate that 88% of the added
HAuCl, was reduced to Au atoms, followed by their deposition
onto the Ag nanocubes. As expected, the longer reaction time
for the case of 0.8 mL of HAuCI, would create more nucleation
sites for the growth of Au islands, in addition to their increase
in size. We also used XPS to analyze the Au deposited on the
Ag nanocubes (Figure S2). We found that the amount of Au in-
creased with the titration volume. Additionally, the gaps be-
tween the 3ds, and 3d;, peaks of Ag (A=6.0 eV) and those
between the 4f,, and 4f;,, peaks of Au (A=3.7 eV) are exactly
the same as the values for zero-valent Au and Ag (Table S1),5%
suggesting the presence of Au and Ag atoms in a zero-valent
state for both samples. During the titration process, we found
that the pH dropped slightly from 11.9 to 11.7, 11.3, 10.2 at ti-
tration of volumes of 0.2, 0.4, 0.8 mL, respectively. As a result,
we believe that the reducing power of AA would drop slightly
during the titration process. To further understand the role of
pH in controlling the generation of Ag@SiO,/Au nanoparticles,
we performed another experiment by titrating aqueous HAuCl,
into an aqueous suspension of Ag@SiO, in the presence of AA
and PVP at pH 10.3, with the involvement of 300 uL NaOH
(200 mm). Figure S3 shows a TEM image of the product ob-
tained by at a titration volume of 0.8 mL of HAuCl,, which is
similar to those shown in Figure S1C. We also conducted a con-
trol experiment by titrating aqueous HAuCl, into an aqueous
suspension of Ag@SiO, in the presence of AA and PVP only at
pH 3.1, without the involvement of any NaOH. As shown in
Figure S4, we observed a mixture of Ag@SiO, nanocubes and
Au nanoparticles for 0.4 mL and 0.8 mL of HAuCl,, respectively.
In this case, the Au nanoparticles were formed through homo-
genous nucleation and growth upon the reduction by AA. Col-
lectively, these results offer addition evidence to support the
proposed mechanism.

We confirmed the catalytic activity of the Au islands using
the reduction of 4-NP to 4-AP by NaBH,* We prepared two
samples by fixing the number of Ag@SiO, nanocubes at ~ 10"

{ . & : ‘
Ag@SiO./Au @ ' Ag@SiO_ /Au
nanoparficle _ fi

Titration
of HAuUClI,

Step 3: The growth of Au island
Au¥/Aut +AA —P Au
Repeat step 2
Ag+AA —p Ag

Figure 3. Schematic illustration of all the major steps and reactions involved in the fabrication of Ag@SiO,/Au nanoparticles.
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Figure 4. (A, C) UV-vis spectra recorded at different time intervals for the reduction of 4-NP by NaBH, at room temperature, in the presence of Ag@SiO,/Au
nanoparticles as a catalyst. The catalysts were prepared with the titration of (A) 0.4 mL and (C) 0.8 mL of 0.1 mm HAuCl, solution. (B, D) Plots of In[A,/A]

versus time for the peaks located at 400 nm in (A) and (C), respectively.

to obtain Ag@SiO,/Au nanoparticles at titration volumes of
0.4 mL and 0.8 mL, respectively. The as-obtained samples were
directly added as catalysts. Upon the introduction of NaBH,,
we collected UV-vis spectra of 4-NP at different intervals of
time (Figure 4A and C). By monitoring the absorption peak at
400 nm, we plotted In(A/A,) as a function of reaction time (Fig-
ure 4B and D). In both cases, the reduction reaction exhibited
first-order kinetics, and as a result, we obtained the rate con-
stant through curve fitting. For the Ag@SiO,/Au nanoparticles
prepared at 0.4 mL and 0.8 mL of HAuCl,, the rate constants
were 0.015 min~" and 0.15 min~', respectively. These results in-
dicate that the reduction would be accelerated by 10 times
when we doubled the titration volume of HAuCl,. As demon-
strated in Figure S5, the rate constant was further increased to
0.27 min~' when we doubled the number of catalytic particles
prepared at 0.8 mL of HAuCl,. These data support our argu-
ment that a greater titration volume of the AuCl,~ precursor
would increase both the number and size of Au islands on the
surface of each Ag nanocube, ultimately accelerating the re-
duction kinetics of 4-NP.

For the Ag@SiO,/Au nanoparticles prepared with 0.8 mL of
HAuCl,, we also evaluated their catalytic stability for the reduc-
tion of 4-NP by NaBH,. Specifically, after one round of reaction,
we collected the catalytic particles and applied them to anoth-
er round of reaction. As shown in Figure S6A, the rate constant
dropped from 0.069 to 0.049, and 0.023 min~" after one, two,
and three rounds of reaction, respectively. We also collected
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UV-vis spectra from the Ag@SiO,/Au nanoparticles after each
round of reaction by collecting the solids by centrifugation
and re-dispersing them in the same amount of water. As
shown in Figure S6B, the LSPR peak intensity dropped while
the peak position remained unchanged. The drop in LSPR peak
intensity can be attributed to the loss of nanoparticles during
the centrifugation process. The structure and morphology of
the nanoparticles should remain unchanged because the LSPR
peak position changed very little. This data are consistent with
what is shown in Figure S5. When the number of catalytic par-
ticles was doubled, the rate constant was almost doubled, in-
creasing from 0.15 to 0.27 min~". In fact, when we normalized
the rate constant against the number of catalytic particles
(based on the LSPR peak intensities in Figure S6B), the rate
constants became 0.11, and 0.073, and 0.034 for the first,
second, and third rounds of reaction.

We also characterized the LSPR properties of the Ag@SiO,/
Au nanoparticles. Figure 5 shows the UV-vis spectra recorded
from aqueous suspensions of the Ag nanocubes, Ag@SiO,
nanocubes, and the as-obtained Ag@SiO.,/Au nanoparticles
prepared at titration volumes of 0.4 mL and 0.8 mL, respective-
ly, for HAuCl,. For the Ag nanocubes, the UV-vis spectrum
showed a strong peak at 440 nm (peak #1), one shoulder at
386 nm (peak #2), and a weak peak at 348 nm (peak #3). Calcu-
lations based on the discrete dipole approximation (DDA)
method indicates that the physical origins of peaks #1 and #2
can be attributed to dipole resonances,®® while peak #3 is par-
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Figure 5. UV-vis spectra recorded from aqueous suspensions of Ag nano-
cubes, Ag@SiO, nanocubes, and Ag@SiO,/Au nanoparticles prepared with
the titration of 0.4 mL and 0.8 mL of 0.1 mm HAuCI, solution.

ticularly sensitive to the sharpness of edges and corners of
a Ag nanocube. The major dipole resonance (peak #1) was
slightly blueshifted from 440 to 438 nm while peak #2 slightly
dropped in intensity after SiO, coating due to the change in
dielectric constant caused by the oxide layer and the slight
truncation at the corner and edge sites (Figure 1B). After the
titration of 0.4 mL of HAuCl, peak #1 was further shifted to
433 nm, together with a decrease in intensity for peak #3. Such
changes in the LSPR spectrum can be attributed to the in-
crease in truncation at the corner and edge sites (Figure 1D).
When the volume of HAuCl, was increased to 0.8 mL, peak #1
was slightly redshifted from 433 to 438 nm, together with
broadening in width. Both changes can be attributed to the in-
crease in both number and volume for the Au islands on each
Ag nanocube. Also, peak #3 became undetectable due to con-
tinuous truncation to the corners and edges of the Ag core.
Collectively, the LSPR spectra also support our results of mor-
phology characterization (see Figure 1).

We benchmarked the SERS activity of the Ag@SiO,/Au nano-
particles against those of both Ag and Ag@SiO, nanocubes. In
a typical measurement, we functionalized the nanoparticles
with 1,4-benzenedithiol (1,4-BDT) and then collected SERS
spectra from their suspensions at an excitation wavelength of
532 nm. As shown in Figure 6, the SERS activity of the Ag
nanocubes dropped significantly after their surface had been
coated with a SiO, shell of 6 nm thick. For instance, the intensi-
ty of the benzene ring mode at 1564 cm™' decreased by
93.1%, primarily due to the blocking of Ag surface by SiO,
shell toward the binding of 1,4-BDT probe molecules. Interest-
ingly, some 1,4-BDT molecules could still be trapped in the
SiO, shell and/or physically adsorbed on the surface, contribu-
ting to the observation of weak SERS signals, because these
molecules could still feel the enhanced electromagnetic field
on the Ag core.® Upon the growth of Au islands in the SiO,
shells, the intensity of the peak at 1564 cm™' was brought
back to a level comparable to that of the Ag nanocubes, corre-
sponding to a 10-fold enhancement relative to that of the
Ag@SiO, nanocubes. In this case, the 1,4-BDT probe molecules
were anticipated to bind to the surface of the Au islands. Since
the Au islands were directly anchored on the surface of the Ag
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Figure 6. SERS spectra collected from 1,4-BDT immobilized on Ag nano-
cubes, Ag@SiO, nanocubes, and Ag@SiO,/Au nanoparticles with an excita-
tion wavelength at 532 nm. The Ag@SiO,/Au nanoparticles were prepared
with 0.4 mL of 0.1 mm HAuCl, solution.

nanocube, hot spots could be formed at their tips to yield
strong SERS.%37

By leveraging the catalytic activity of the Au islands and the
SERS activity of the Ag core, we further demonstrated the use
of the Ag@SiO,/Au nanoparticles for in situ SERS monitoring of
the reduction of 4-NTP by NaBH,. In a typical experiment, we
prepared Ag@SiO,/Au nanoparticles with 0.4 mL of HAuCl, and
then functionalized their surfaces with 4-NTP (see Experimental
Section for details). After initiating the reaction with NaBH,, we
collected SERS spectra from the reaction solution at different
time intervals at an excitation of 532 nm (Figure 7). At t=0,
the SERS spectrum shows three characteristic bands of 4-NTP
at 1109 cm™' (C—N stretching, v¢), 1338 cm™' (O—N—O stretch-
iNg, Vnoo), and 1572 cm™' (C—C stretching, v¢o). The peak locat-
ed at 1082 cm™' can be assigned to the C-S stretching, v¢s. At
t=9 min, we observed the shift of vyo, peak from 1338 cm™'
to 1328 cm™, together with a significant drop in peak intensi-
ty. For instance, the intensity of vy, at 1338 cm™ or v at
1572 cm™' decreased by 94% or 93%, respectively. We sus-
pected that some of the 4-NTP adsorbed on Au islands could
be released by NaBH, due to a stronger binding of BH,” to Au
surface.®® At t=22 min, the three characteristic bands of 4-
NTP could no longer be resolved from the spectrum. On the
other hand, we observed a small peak at 1594 cm™', which can
be assigned to the v of 4-ATP. Based on our previous find-
ings, the intensity of v for 4-ATP could become one order of
magnitude weaker than that of the band for 4-NTP after the
reduction of 4-NTP to 4-ATP by NaBH,.***" From the presence
of ve band at 1082 cm™', we argued that some of the 4-ATP
molecules were adsorbed on the Au surface. From 22 to
66 min, the SERS spectra remained essentially unaltered. At t=
89 min, four peaks emerged at 1142, 1387, 1429, and
1574 cm™', which could be assigned to the vey =+ Beu Van+ Ve
Van+ Bew @nd v of trans-4,4'-dimercaptoazobenzene (trans-
DMAB), respectively. This result suggests the oxidation of 4-
ATP to trans-DMAB by the O, from air. At t=120 min, the spec-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemnanomat.org

A Ediorial ocity

trans-DMAB trans-DMAB
veN VNN+vCC+ACH trans-DMAB
4-NTP l 4-NTP /\ / vCC
vCN % vNO, v
: $ § BNTR !
I 100cps : ; VGG T} he_4ATP
VCSME ¥ e
: /\/\..,__./\4.«\_ —
W’/\':"AW : : 89 min
' ' 66 min
N i o :‘ : 42 min
; it i+ 22 min
\ iR 9 min
; : '\ x0.5 _
: ' i 0 min

I 1 T T I I 1 T 1
1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

Figure 7. SERS spectra collected before and after the introduction of NaBH,
solution into an aqueous suspension of 4-NTP-functionalized Ag@SiO,/Au
nanoparticles at an excitation wavelength of 532 nm. The nanoparticles
were prepared with the titration of 0.4 mL of 0.1 mm HAuCI, solution.

trum remained essentially the same except for a slight increase
in intensity for the peaks. Taken together, we believe that the
Au islands could serve as a catalyst to facilitate the reduction
of 4-NTP by NaBH,.*” Once NaBH, was completely consumed
in the reaction solution, the Ag atoms in the outmost surface
could activate O, in the aqueous solution for the oxidation of
4-ATP to trans-DMAB "

To gain a better mechanistic insight into the oxidation of 4-
ATP to trans-DMAB on the surface of the Ag@SiO,/Au nanopar-
ticles, we directly functionalized the surface of the nanoparti-
cles (obtained at a titration volume of 0.4 mL) with 4-ATP and
then recorded the SERS spectra. As shown in Figure S7 we also
observed the four peaks of trans-DMAB at 1142cm™,
1390 cm™', 1430cm™', and 1576 cm™', together with two
peaks of 4-ATP peaks at 1595 and 1489 cm™, suggesting that
some of the immobilized 4-ATP could be oxidized by the O,
from air to generate trans-DMAB. This observation is consistent
with previous findings.*>*’ When the solution was left in the
air for up to 120 min, the intensities of peaks from trans-DMAB
were found to continuously increase with no change to the
peak positions. Interestingly, we can reduce the trans-DMAB
back to 4-ATP by adding NaBH,. As shown in Figure 8, upon
the introduction of NaBH,, the four characteristic peaks of
trans-DMAB (marked in yellow) disappeared after 1 min. The
remaining two peaks can be assigned to 4-ATP (marked in
green). From 1 to 60 min, the SERS spectra showed very minor
changes except that the two peaks of 4-ATP dropped in inten-
sity, likely due to the desorption of 4-ATP caused by NaBH, as
we discussed previously.*® At t=90 min, the peaks of trans-
DMAB returned. At this point, all the NaBH, had been con-
sumed and 4-ATP was oxidized back to trans-DMAB by the O,
from air. At t=120 min, the peak positions remained the same
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Figure 8. SERS spectra recorded before and after the introduction of NaBH,
solution into an aqueous suspension of Ag@SiO,/Au nanoparticles function-
alized with 4-ATP as a SERS probe molecule. The nanoparticles were pre-
pared with the titration of 0.4 mL of 0.1 mm HAuCl, solution.

but the intensities of all bands dropped, consistent with our
previous observation (see Figure 7).

Conclusions

In summary, we have demonstrated a rational approach to the
synthesis of Ag@SiO,/Au nanoparticles through the titration of
HAuCl, into an aqueous suspension of Ag@SiO, core-shell
nanocubes in the presence of AA, PVP, and NaOH at pH 11.9.
Both HAADF-STEM and EELS studies confirm the growth of Au
islands (with sizes in the range of 6 to 12 nm) directly from the
surface of each Ag nanocube, passing through the SiO, shell
to generate an “islands in the sea” structure. In this synthesis,
NaOH plays a critical role in creating some initial pores in the
SiO, shell on each Ag nanocube. The salt precursor reacts with
Ag through galvanic replacement to initiate the nucleation of
Au, followed by continuous reduction by AA and Ag for epitax-
ial growth into discrete Au islands that eventually pass
through and protrude from the SiO, shell. The SiO, surround-
ing the Au islands helps confine them to a small size while pre-
venting them from coalescing into larger structures. The Au is-
lands show strong catalytic activity toward the reduction of 4-
NP by NaBH,. Because the Au islands are directly attached to
the surface of the Ag nanocube, the Ag@SiO,/Au nanoparticles
also exhibit strong SERS activity comparable to that of the pris-
tine Ag nanocubes. By integrating the catalytic and SERS activi-
ties originating from the Au islands and Ag cores, respectively,
we demonstrated the fabrication of a bifunctional probe for in
situ monitoring the Au-catalyzed reduction of 4-NTP by NaBH,
and subsequently the Ag-catalyzed oxidation of 4-ATP by the
O, from air. The strategy demonstrated in this work can be po-
tentially extended to other noble metals other than Au to fur-
ther expand the range of catalytic reactions.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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