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microcages enabling tunable plasmon resonance
for ultrasensitive SERST

{ ") Check for updates ‘

Cite this: Chem. Sci., 2018, 9, 4009

Xiaotian Wang, j:a Guanshui Ma, j:a Anran Li,#? Jian Yu,® Zhao Yang,? Jie Lin,® Ang Li,°
Xiaodong Han® and Lin Guo ¢

Engineering the surface plasmon resonance (SPR) properties is a critical issue for improving device
performance in the fields of plasmonics, nanophotonics, optoelectronics, and electrochemistry. Here,
we demonstrated a programmable manipulation of the surface plasmon resonance (SPR) effect using
composition-adjustable Ag—Au substitutional alloy microcages (SAMCs) through a facile NaBH4-
cooperative galvanic replacement reaction. The SPR frequency of the Ag—Au SAMCs can be
continuously and exquisitely manipulated without resonance damping or broadening via accurate
adjustment of the elemental composition distribution at the perfect homogeneity on the atomic-level.
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Accepted 21st March 2018 Significantly, both the tunable SPR frequency and excellent chemical stability synergistically endow the
hollow Ag—Au SAMCs with excellent SERS sensitivity and reproducibility, which lays a foundation for the
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Introduction

Tunable manipulation of surface plasmon resonance (SPR)
properties is a critical issue for boosting the performance of
plasmonic materials and devices in the fields of photo-
catalysis,”® optical waveguides,* surface-enhanced Raman
scattering (SERS),>* and photovoltaic cells.”* For example, in
order to ensure the signal-to-noise ratio is high enough, the
excitation wavelength should be properly changed to avoid the
fluorescence of probe molecules in SERS detection. If the SPR
frequency of the SERS substrate can be easily tuned to match
well with the change of incident wavelength, a programmable
SERS technology can be realized. Typically, the peak position of
SPR can be shifted by changing the geometry of plasmonic
structures, ie. the size and shape. However, the corresponding
change of dipole moment accompanied with the change of
geometry would result in undesirable spectral broadening and
resonance damping.***® Also, introducing a dielectric medium
to change the dielectric constant of the surroundings can
modulate the plasmon oscillation strength and frequency,"” but
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a promising candidate for efficient promotion of the SERS activity for metal-based substrates.

this would contaminate the surface of plasmonic structures and
finally result in the performance deterioration of devices, such
as decreased sensitivity of SERS sensors."*** Fortunately, alloy-
ing noble-metal nanoparticles might be a promising strategy as
it could not only effectively modulate the dielectric function, but
also avoid the geometry effect and the surface contamina-
tion.”>** Although some achievements have been made in the
component regulation of the Ag-Au alloy nanoparticles,**? it is
difficult to achieve compositional homogeneity of Ag and Au
across a 3D complex alloy nano/micro-structure. Nano/micro-
structured Ag-Au alloy can be produced from galvanic replace-
ment of an Ag nanoparticle with a salt of Au,***** resulting from
a more positive potential of Au**/Au than that of Ag'/Ag. A
conventional approach is using HAuCl, solution to carry out the
galvanic replacement reaction (GRR) via heating to enhance the
inter-diffusion between Ag and Au.**** However, the fast reac-
tion rate and the lack of control over the ratio and the distri-
bution of the Ag and Au components may cause bimetallic
nanodomains in the alloy nano/micro-structures.***" Inhomo-
geneous composition distribution would unavoidably cause
serious bimetallic plasmon coupling, which will result in
undesirable spectral broadening and resonance damping.**
Therefore, developing a novel strategy to synthesize
composition-adjustable alloy nano/micro-structures with
uniform composition distribution is an urgent issue.

In this work, we demonstrated novel composition-tunable
Ag-Au substitutional alloy microcages (SAMCs) with homoge-
neous element distribution on the atomic-level via a facile
NaBH,-cooperative GRR strategy. During the alloying reaction,
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the NaBH, was used to promote diffusion of the Ag and Au
components rather than the conventional heating approach,
making the co-reduction process of Ag and Au more moderate
and controllable. The hollow porous structure of the Ag-Au
SAMCs not only serves as an ideal optical resonant cavity to
generate strong SPR coupling between the inner and outer
surfaces of the microcage, but also endows the Ag-Au SAMCs
with abundant “hot-spots” for generating a strong local elec-
tromagnetic field (LEMF). Moreover, we found that the SPR
frequency of the Ag-Au SAMCs can be continuously manipu-
lated with no further resonance damping or broadening when
adjusting the percentage of Au atoms in the range 0-23%.
Typically, by adjusting the percentage of Au atoms to 14.2%, the
SPR frequency of the Ag-Au SAMCs can be modulated to match
well with the excitation wavelength of 633 nm, leading to
a remarkable enhancement factor (EF) of up to 1.3 x 10",
which is the highest value among the reported alloy nano/
micro-structures. The ultrahigh sensitivity enables the Ag-Au
SAMCs to detect trace amounts of thiram at an ultralow
concentration of 1 x 10~ ** M. Furthermore, the presence of Au
endows the Ag-Au SAMCs with excellent oxidation resistance
and chemical stability, providing a promising SERS substrate
for trace detection in an oxidative environment.

Results and discussion

Ag and Au were selected as plasmonic components to prepare
the composition-adjustable alloy microstructures due to their
strong SPR effects in the visible light range and excellent
miscibility in any proportion.**?” The synthesis procedures of
composition-adjustable Ag-Au SAMCs are shown in Scheme 1
(the details are given in sections S1 and S2 in the ESI 1). Firstly,
the Ag" in AgNO; was reduced to Ag using NaBH,, and then the
Ag nanoparticles self-assembled on the surface of Cu,O due to
the crosslinking effect of citrate ions between Ag and Cu,O,
forming the Cu,O@Ag core-shell structures (Process ).
Secondly, after etching the Cu,O core with acetic acid, octahe-
dral hollow porous Ag microcages (MCs) were obtained (Process
@).*® Finally, through a novel NaBH,-cooperative GRR, octahe-
dral hollow porous Ag-Au SAMCs were successfully synthesized
(Process ®). Different to conventional GRR, the synergistic co-
reduction of Au®" and Ag" to obtain Ag-Au SAMCs should be
ascribed to the cooperation with NaBH, in the system. When
Au®" ions were spontaneously reduced by Ag atoms to generate
Au atoms and Ag" ions, the released Ag" ions on the surface of

Cu,O Cu,0@Ag Ag cage

Ag-Au SAMCs

Y 1vol%

AgNO, + NaBH, CH.COOH
Ke

) Ag nanoparticle {0 Ag-Au substitutional alloy nanoparticle

Scheme 1 Schematic illustration of the fabrication strategy for octa-
hedral hollow porous Ag—Au SAMCs through a facile NaBH4-coop-
erative GRR.
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the Au atoms were immediately reduced back to Ag atoms by the
NaBH,, producing the Ag-Au SAMCs. The characterization of
samples in each step is shown in Fig. S3.1 Moreover, the stoi-
chiometric quantity in Ag-Au SAMCs can be adjusted by
changing the amount of HAuCl,. For example, through adding
varied amounts of HAuCl, solution (5 mM) within the range of
0.1 to 0.6 mL into the reaction system, a series of Ag-Au SAMCs
with changeable percentages of Au atoms (labeled as 0.1-0.6)
were successfully obtained, as shown in Fig. S4.f Scanning
electron microscope (SEM) and energy-dispersive X-ray (EDX)
mapping analysis demonstrated that the percentage of Au
atoms in these Ag-Au SAMCs can be mediated in the range of
5.6-22.7%, as shown in Table S1.}

It was found that the octahedral Ag-Au SAMCs with excellent
uniformity could be high-yield synthesized via the NaBH,-
cooperative GRR. Typically, Fig. 1a shows the high-uniformity of
the as-prepared 0.35 Ag-Au SAMCs. The octahedral Ag-Au
SAMCs possess sharp corners and edges, which can be attrib-
uted to the successful shape duplication of the Cu,O templates.
The size of the octahedral Ag-Au SAMCs is about 600 nm. The
thickness of the microcage is around 20 nm, which was char-
acterized by transmission electron microscopy (TEM) and
atomic force microscopy (AFM) characterization (Fig. S5 and
S6%1). The hollow interior structure can be confirmed by the
strong colour contrast between the edges (dark) and the center
(gray) in the TEM image (Fig. 1a). The high-resolution TEM
(HRTEM) image in Fig. 1b clearly shows that the spacing of
adjacent lattice fringes is 0.235 nm, which is very close to the
lattice constant of (111) planes of both Ag (0.2358 nm) and Ag
(0.2355 nm). The corresponding selected area electron diffrac-
tion (SAED) pattern in Fig. 1c demonstrates the good crystal-
linity of the Ag-Au SAMCs, and the concentric rings can be
assigned to the (111), (200), (220), and (311) planes, which is
consistent with the X-ray diffraction (XRD) characterization
(Fig. S77). The lattice phase of the Ag-Au microcages did not
show a detectable change compared to that of the Ag

Fig. 1 (a) TEM image, inset: SEM image, (b) HRTEM image, (c) SAED
pattern, and (d) HAADF-STEM-EDX elemental mapping of octahedral
hollow 0.35 Ag—Au SAMC:s. (e) Atomic resolution HAADF-STEM image
and (f)—(h) the corresponding elemental maps of Au, Ag and super-
position of Ag and Au.

This journal is © The Royal Society of Chemistry 2018
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microcages. As the atomic radius of Au is very similar to that of
Ag, the substitution of Ag atoms with Au atoms will not result in
a change in the Ag lattice constant, which is in favour of the
formation of the substitutional alloy. The results of bright-field
scanning TEM (BF-STEM) and EDX mapping analysis show that
the Ag and Au components distribute uniformly in the Ag-Au
SAMCs (Fig. S8t). To further investigate the distribution of the
Au and the Ag atoms on the atomic scale, we used aberration-
corrected high-angle annular dark-field STEM (HAADF-STEM)
and EDX mapping to characterize the Ag-Au SAMCs (Fig. 1d-
h). Fig. 1e shows the atomic-resolution HAADF-STEM image of
0.35 Ag-Au SAMCs, in which the atomic columns can be clearly
observed. The elemental mappings (Fig. 1f-h) clearly show that
the Ag and Au atoms distribute homogeneously on the atomic-
level rather than forming individual Ag or Au nanodomains,
which provides convincing evidence that the as-synthesized Ag-
Au microcages could be regarded as a substitutional alloy of Ag
and Au. These results validate the synergistic co-reduction of
Au*' and Ag" ions via facile NaBH -cooperative GRR for the
formation of Ag-Au SAMCs. Once Ag atoms react with Au** ions
to form Au atoms and Ag” ions, the Ag" ions can be immediately
reduced back to Ag atoms by the NaBH,, and then attach to Au
atoms to produce a Ag-Au substitutional alloy with homoge-
neous elemental distribution on the atomic-level. In order to
further confirm the critical role of NaBH, in synthesizing the
Ag-Au substitutional alloy, we performed the alloying reaction
using only the HAuCl, solution without NaBH, as a control
experiment. The HAADF-STEM-EDX elemental mapping
showed that many Au clusters and nanodomains were formed
in the microcage, resulting in the formation of Ag-Au bimetallic
MCs (Fig. S9at). The UV-vis spectra also exhibited undesirable
spectral broadening and resonance damping of these Ag-Au
bimetallic MCs, which can be attributed to the bimetallic
plasmon coupling of the Ag and Au nanodomains (Fig. S9b¥).
Although the size of the Ag-Au cages approaches microme-
ters, the thickness of the cage shell is only 20 nm and thus still
has the unique properties of a nanomaterial, such as strong SPR
coupling between the inner and outer surface of the cage.
Compared with the solid Ag-Au octahedron, the hollow Ag-Au
SAMCs exhibit great potential to generate a stronger electric
field enhancement, as indicated by the finite-difference time-
domain (FDTD) simulations. In a typical simulation, the
thickness of the shell for the hollow 0.35 Ag-Au microcage is set
to be 20 nm, which is chosen based on the prepared sample.
The dielectric functions of Au and Ag were derived from the
modified Drude model, considering the 8-9 Lorentzians parts.*®
The dielectric function of the 0.35 Ag-Au alloy was calculated
based on the composition-weighted average of Au and Ag,**
where the Ag-Au alloy is thought to be made up of 14% Au and
86% Ag according to the SEM-EDX mapping analysis (Table
S17). The simulation details are shown in section S10 in the ESI
.T Because non-polarized incident light is used in our experi-
ments, the electric field distributions of the octahedral micro-
structures under incidence with different polarization
directions (E},E,) (which are perpendicular to each other) are
calculated to evaluate the average effect of non-polarized inci-
dence on the plasmon resonance and coupling of hollow the

This journal is © The Royal Society of Chemistry 2018
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Ag-Au SAMCs and its counterpart solid structure. Fig. 2 shows
the calculated electric field distributions (|E|*/|Eo|*) for the
solid Ag-Au octahedron and the hollow Ag-Au SAMC. The
orientation of the octahedral microstructures in the simula-
tions is consistent with the orientation of an octahedron laid on
the substrate in an experiment, as shown in the inset image in
Fig. 1a. The propagating direction of the incident light is
perpendicular to the sample surface. The calculated electric-
field intensity (|E|*/|Eo|?) indicated that the enhanced electric
fields were mostly located at the sharp corners or edges for the
solid octahedron, while the electric field enhancement at other
places was negligible. In contrast, in addition to the strong
electric field enhancement at corners or edges, the hollow
microcage structure also exhibited strong electric field
enhancement at both the inner and outer surface of the shell,
which can be attributed to the strong SPR coupling between the
inner and outer surfaces of the microcage. The stronger SPR
coupling and larger area of electric field enhancement gives the
hollow microcage structure more excellent SERS performance
than the solid structure.

These composition-adjustable Ag-Au SAMCs provide us with
a promising platform to develop tunable plasmon resonance for
programmable SERS technology. UV-vis spectroscopy was per-
formed to characterize the SPR properties of these Ag-Au
SAMCs, as shown in Fig. 3a. It can be seen that only one sharp
resonance band is visible for the Ag-Au SAMCs with different
gold content, which suggests that no strong bimetallic plasmon
coupling between Au and Ag appears in the system. It is noted
that there is also one small peak at the lower wavelength, which
can be attributed to the higher order resonance mode of the Ag—
Au SAMCs.*>* Significantly, the SPR frequency can be contin-
uously red-shifted from 472 to 670 nm with no further SPR

Solid
structure

Nanocage
structure

100

Y (nm)

| 50800

X (nm)

Fig. 2 Calculated electric field distributions (|E]%/|Eo|?) for (a) and (b)
the solid Ag—Au octahedron and (c) and (d) the hollow Ag—Au SAMCs.
The red arrows in the figure show the polarization directions of the
incident light.
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Fig.3 (a) UV-vis spectra and (b) LSV curves of the as-synthesized Ag—

Au SAMCs with different Au content. LSV measurements: 1 M KCl
electrolyte, scan rate of 5mV s %,

damping or band broadening when increasing the concentra-
tion of gold, which might be attributed to the homogeneous
elemental distribution in the Ag-Au SAMCs. For the alloy
structure, the SPR band is determined by the effective dielectric
function of Au-Ag ionic background.”»* Based on Mie’s
theory,” the effective dielectric function (¢[x, wip(x)]) in an alloy
can be approximately evaluated by the stoichiometric quantities
of Au and Ag:*>**

e[x, wip(x¥)] = xeau[X, wiB(AW] + (1 — X)eagx, wis(Ag)] (1)

where x is the stoichiometric ratio in the alloy; ~wg(Au) = 1.9 eV
and hwp(Ag) = 3.9 eV are the interband transition thresholds of
gold and silver, respectively.** Based on eqn (1), for the inho-
mogeneous system of bimetallic mixtures consisting of stacked
gold and silver nanodomains, the interband transition
threshold (wig(x)) is independent of the stoichiometric ratio,
that is w;g(x) = wis(Au).>* A small value of wg(x) will lead to the
spectral overlap of SPR with the interband transitions, resulting
in damping, broadening, and an asymmetric SPR band.* In
contrast, for the homogeneous system of the substitutional
alloy, the interband threshold wg(x) will follow a quasi-linear
dependence between wipg(Au) and wig(Ag), that is wi(x) =
xw(Au) + (1 — x)wp(Ag).** The higher interband threshold
wip(x) can effectively avoid the spectral overlap of SPR with the
interband transitions, resulting in a quite sharp and symmetric
SPR band. Therefore, during the adjustment of the percentage
of Au atoms in the range of 0-23%, continuous manipulation of
the plasmon resonance of the as-synthesized Ag-Au microcages
with no further resonance damping or broadening could be
attributed to the perfect homogeneity of the elemental distri-
bution on the atomic-level. This indicates that no bimetallic
plasmon coupling occurs within the system, and thus the as-
synthesized Ag-Au microcages should be a substitutional alloy
rather than a bimetallic complex. However, when the
percentage of Au atoms exceeds 25%, it would generate the Au
nanodomains, and even Au clusters in partial areas, which will
result in the Ag-Au bimetallic complex. Therefore, to avoid
bimetallic plasmon coupling and maintain the sharp resonance
band, the percentage of Au atoms should not exceed 25% in our
experiments.

In addition, it is anticipated that these Ag-Au SAMCs possess
better chemical stability due to the introduction of Au, which
possesses strong chemical inertia. In order to evaluate the
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oxidation resistance of these Ag-Au SAMCs, we used linear
sweep voltammetry (LSV) to monitor the oxidation potential
when increasing the percentage of Au atoms as shown in
Fig. 3b. The results clearly showed that the oxidation peak
shifted to more positive values from 46.5 to 82.7 mV during the
increase of the Au concentration. The significant positive-shift
of the oxidation peak of the Ag-Au SAMCs suggests a decrease
in work function when increasing the Au composition.** The
decreased work function can be attributed to the induced
electron transfer process from the Ag atom to the Au atom
owing to the spontaneous equilibrium of the Fermi level in the
alloy structure, resulting in improved oxidation resistance.

To employ the tunable plasmon resonance for developing
programmable SERS technology, we utilized these composition-
adjustable Ag-Au SAMCs as SERS substrates to perform the
trace detection of organic pollutants. As a powerful spectros-
copy method, SERS has been widely applied in many fields,
such as biology, chemistry, medicine, etc.*** The remarkable
SERS effects of noble metal nano/micro-structures can be
attributed to the significant enhancement of LEMF at “hot-
spots”. Considering the tunable SPR frequency of the
composition-adjustable Ag-Au SAMCs, their excellent SERS
performance is expected. Firstly, the hollow porous structure of
the Ag—Au SAMCs can serve as an ideal optical resonant cavity to
harvest light and generate strong SPR coupling between the
inner and outer surfaces of the shell, and hence generate
strongly enhanced electric fields with large areas. Secondly, the
high surface porosity not only endows the Ag-Au SAMCs with
abundant inherent “hot-spots” for generating strong LEMF, but
also provides huge surface area for the adsorption of probe
molecules. Thirdly, the tunable SPR frequency enables the Ag-
Au SAMCs to match well with the excitation wavelength,
generating the strongest plasmon resonance. To investigate the
programmable SERS performance of these Ag-Au SAMCs, we
performed wavelength-dependent SERS measurements by
employing various excitations, including 488, 514, 633, and
785 nm. Fig. 4a shows a typical control experiment using the as-
synthesized 0.35 Ag-Au SAMC as a substrate to detect Rhoda-
mine 6G (R6G) molecules (10~'> M) under different excitation
wavelengths. It can be found that a strong background fluo-
rescence arises in the spectrum under excitation of 514 nm
wavelength, owing to the strong absorption of R6G at this
wavelength. In order to avoid background fluorescence and
improve the signal-to-noise ratio, we changed the excitation
wavelength to 488, 633, and 785 nm. Comparing to the relatively
weak enhancement under excitation wavelengths of 488 and
785 nm, the strongest SERS enhancement of 0.35 Ag-Au SAMCs
can be obtained at an excitation wavelength of 633 nm, which is
consistent with its strongest SPR absorption at this wavelength.
The SERS intensity obtained under different excitation wave-
lengths matched well with its UV-vis absorption, as shown in
Fig. 4b. These results demonstrated that utilizing the as-
synthesized Ag-Au SAMCs can not only effectively avoid the
fluorescence effect of probe molecules, but also enable us to
programmably modulate the SPR frequency to match well with
the illumination wavelength, obtaining the strongest SERS
enhancement. Moreover, the SERS spectra of Rhodamine 6G

This journal is © The Royal Society of Chemistry 2018
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Fig.4 (a) SERS spectra of R6G at a concentration of 1022 M absorbed
on 0.35 Ag—Au SAMC:s at different excitation wavelengths of 488, 514,
633 and 785 nm respectively. (b) UV-vis spectra of 0.35 Ag—Au SAMCs
and the SERS intensity of R6G (10712 M) at 1650 cm™! obtained from
0.35 Ag—Au SAMCs at different excitation wavelengths of 488, 514,
633 and 785 nm, respectively. SERS spectra of (c) R6G and (d) thiram in
various concentrations obtained from the 0.35 Ag—Au SAMCs under
excitation at 633 nm.

(R6G) with various concentrations in the range of 10~ '* to
107'° M are shown in Fig. 4c. It was seen that the peaks of R6G
located at 1360 and 1650 cm™ " could still be clearly observed
even at an ultralow concentration of 5 x 10~ '® M. Based on the
standard equation, the EF is calculated to be 1.3 x 10" (see
section S11 for detailst), which is the highest value among the
reported alloy microstructures (Table S2t). In addition, the as-
synthesized Ag-Au SAMCs also display excellent spectral
uniformity and reproducibility, which can be confirmed
through comparing the SERS spectra collected from ten
different test spots (Fig. S117).

Based on the ultrahigh sensitivity of the Ag-Au SAMCs, they
were further used as a chemosensor to perform the trace
detection of thiram (tetramethylthiuram disulfide), which is
a kind of contact fungicide widely used as a pesticide in agri-
culture. The breakdown of thiram releases carbon disulfide,
which is seriously toxic to liver cells.*®*° Due to its high toxicity,
thiram has been classified as a highly hazardous to human
health insecticide by the World Health Organization.*® Thus
developing a facile trace detection method for thiram residue in
the environment is crucial. Fig. 4d shows the SERS spectra of
thiram utilizing the 0.35 Ag-Au SAMCs under illumination at
633 nm. Well-resolved spectra of thiram with high signal-to-
noise ratio can be clearly obtained based on these Ag-Au
SAMCs. The peaks located at 557, 1148, 1380, 1445, and
1506 cm™ " are associated with the thiram molecules.* Signifi-
cantly, the feature spectral peaks (1148 and 1380 cm ') can still
be observed even down to an ultralow concentration of 10> M.
Moreover, in addition to the high sensitivity, a promising che-
mosensor should possess excellent chemical stability. To
investigate the chemical stability of the Ag—Au SAMCs, a control
experiment was performed through recording the SERS spectra
of thiram obtained from the 0.35 Ag-Au SAMCs before and after

This journal is © The Royal Society of Chemistry 2018
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immersing in H,O, solution. The results showed that compared
to the poor chemical stability of pure Ag microcages in H,O,
solution, the 0.35 Ag-Au SAMC:s still possessed excellent SERS
activity even after immersion in 1% H,0O, solution for 5 h
(Fig. S13t). The excellent oxidation resistance and chemical
stability enable the Ag-Au SAMCs to act as a reliable chemo-
sensor in an oxidative environment and meet the requirements
of practical application.

Conclusions

In conclusion, we have demonstrated a facile strategy to realize
tunable plasmon resonance based on composition-adjustable
Ag-Au SAMCs with excellent shape-regularity and high unifor-
mity. The SPR frequency of the Ag-Au SAMCs can be continu-
ously and exquisitely modulated nearly without resonance
deterioration when adjusting the composition ratio, which can
be attributed to the perfect homogeneity of the elemental
distribution on the atomic-level. The tunable SPR frequency
endows the Ag-Au SAMCs with an ultrahigh EF of 1.3 x 10" by
adjusting the SPR frequency to be the same as the incidence
wavelength, which is the highest value among reported alloy
microstructures. As a typical demo, the as-synthesized 0.35 Au-
Ag SAMCs can detect trace amounts of thiram at an ultralow
concentration of 10~"> M. In addition to the ultrahigh sensi-
tivity, the Au—Ag SAMCs also possess excellent chemical stability
and meet stringent requirements in an oxidative environment.
The progress made so far will guide future development in
structure design and fabrication of high-performance SERS-
based chemosensors, in addition fuelling the exploration of
such a new class of Ag-Au SAMCs for practical applications in
programmable SERS technology.

Experimental
Synthesis of Cu,O octahedral templates

Cu,O octahedrons were fabricated based on a previous report.>
4.5 g polyvinylpyrrolidone was dissolved in 100 mL 0.01 M
CuCl,-2H,0 aqueous solution. Then, 10.0 mL 2.0 M NaOH
aqueous solution was added dropwise to the above solution.
After stirring for 0.5 h, 10.0 mL 0.6 M ascorbic acid aqueous
solution was further added dropwise to the mixed solution. The
mixture was aged for 3 h. All of the procedure was carried out
under constant stirring and heated to 55 °C in a water bath. The
resulting precipitate was collected by centrifugation, and
washed with deionized water and ethanol repeatedly to remove
the residual inorganic ions and polymer, and finally dried under
vacuum at 60 °C for 5 h for further characterization and use.

Synthesis of octahedral hollow Ag microcages and
composition-adjustable Ag-Au substitutional alloy
microcages (SAMCs)

Cu,O templates (4.29 mg) were dispersed in 80 mL deionized
water and 20 mL ethanol mixed solution by ultrasonic vibration
for 10 min, then 1.2 mL sodium citrate aqueous solution (30
mM) and 1.05 mL NaBH, aqueous solution (100 mM) were
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dropped sequentially into the solution containing the Cu,O
templates. After being stirred for 5 min, 1.05 mL AgNO;
aqueous solution (10 mM) was added dropwise to the vigorously
stirred mixture. The colour of the solution changes from orange
to light yellow, indicating the formation of small Ag nano-
particles. As the reaction proceeded for 1 h, the solution grad-
ually became dark yellow, indicating the formation of core-shell
Cu,O@Ag microstructures. Subsequently, 1.2 mL CH;COOH
aqueous solution (1 vol%) was injected into the above-
mentioned mixture, the reaction lasted for another 2 h in
order to completely dissolve the Cu,O templates. The precipi-
tate was collected by centrifugation, and re-dispersed in a mixed
solution containing 80 mL deionized water and 20 mL ethanol.
Then 1.2 mL sodium citrate aqueous solution (30 mM) and 100
uL NaBH, aqueous solution (100 mM) was added and the
solution was stirred. Then 0-0.6 mL HAuCl,-4H,0 aqueous
solution (5.0 mM) was added dropwise to the above solution.
The solution was stirred for a further 30 min, the resulting
precipitate was collected by centrifugation and decanting,
washed with distilled water and absolute ethanol several times,
and then dispersed in absolute ethanol for further character-
ization. The products were Ag microcages, 0.1 Ag—Au SAMCs, 0.2
Ag—Au SAMCs, 0.3 Ag-Au SAMCs, 0.35 Ag-Au SAMCs, 0.4 Ag-Au
SAMCs, 0.5 Ag—Au SAMCs, 0.6 Ag—Au SAMCs.

For SERS measurements

The as-prepared Ag-Au SAMCs were firstly dropped onto the
cleaned silicon wafer (0.4 x 0.4 cm?®). Rhodamine 6G (R6G) and
thiram were used as Raman probe molecules. Then, 100 pL of
an ethanol aqueous Rhodamine 6G (R6G) or thiram solution
was dripped onto the silicon wafer. After the samples were
completely dried in air, the substrates were analyzed using
a Raman spectrometer. The acquisition time was 10 s for each
spectrum. For each sample, we obtained three SERS spectra at
different positions on the substrate and then took the average
values of them.
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