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Plasmonic Silver Supercrystals with Ultrasmall Nanogaps
for Ultrasensitive SERS-Based Molecule Detection

Cuifeng Tian, Yonghui Deng,* Dongyuan Zhao, and Jixiang Fang*

Metallic periodic structures provide unique optical and photonic coupling
effects. However, geometrically precise control of periodic structure is
particularly challenging when studying scale at few nanometer. Here, a new
class of highly ordered silver plasmonic supercrystals is successfully synthe-
sized by means of a nanocasting process using ordered mesoporous silica as
template. During the nanocasting via a chemical reduction, the diffusibility,
viscosity, and strength of the reducing agents have an important influence on
the formation of ordered superstructures. The silver superstructures demon-
strate an excellent structural stability even after removing the silica template
and a small nanogap of less than =2 nm between nanoparticles, which are
very vital for light-matter coupling, giving rise to plasmonic hot spots. The
silver plasmonic supercrystals exhibit an ultrahigh Raman enhancement
with an average enhancement factor of =10° and an ultralow detection limit
down to =0.1 x 107> m for diverse chemical and biological molecules. This
novel template strategy to fabricate periodic plasmonic nanostructures can

surface plasmon resonance. The plas-
monic coupling effect at the nanometer
gaps between metallic nanoparticles, i.e.,
the plasmonic hot spots, has also been
utilized to further increase the SERS sig-
nals.’l Extensive studies have been focused
on creating hot spots spaced by small die-
lectric gaps of less than 10 nm. In addition
to the original SERS platform made from
electrochemically roughened surface,™ a
diverse novel SERS substrates have been
developed, which include the well-ordered
patterned arrays fabricated via lithographic
techniques.’! However, these techniques
are limited by their low throughput, expen-
sive operating cost, and small SERS active
area. Importantly, it is still difficult to pro-
cess small nanogaps down to sub-5 nm
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lead to a new class of plasmonic nanostructures and open extraordinary

potentials for diverse applications.

1. Introduction

Geometrically precise control of metallic periodic structures
provides unique optical and photonic coupling effects that
promise applications in surface-enhanced Raman scattering
(SERS), negative refraction, plasmonic waveguide, electromag-
netic invisibility cloaks, and Fano resonance, etc.l!l SERS is a
powerful molecular spectroscopy technique that exhibits great
application potentials in analytical chemistry, environmental
monitoring, medical diagnostics, and single molecule detec-
tion.l The SERS effect arises from light-matter interaction of
metallic surfaces and incident light, which give rise to localized
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over large area. As such, size/shape con-
trolled colloidal nanoparticles and their
assemblies such as dimers, trimers, liner
chains, core-satellite structures are attrac-
tive options due to the ability to synthesize
through wet chemical approaches in bulk scale without the
need of expensive instrumentation.l’! However, owing to the
“coffee ring” effect, regulating the geometrical dimension, i.e.,
uniform nanoparticle gaps between colloidal nanoparticles via
spontaneous aggregation or assembly are challenging.l”) With
the assistance of surface ligands, nanoparticles can be assem-
bled into superlattices, ¥ but the introduction of polymer ligands
unavoidably sacrifices the sensitivity of signals in a variety of
applications, such as SERS, biosensors, plasmon-enhanced flu-
orescence. Therefore, the central problem is to homogeneously
produce well-defined plasmonic structures that can reproduc-
ibly fabricate sub-5 nm nanogaps with controllable gap distance
and enhanced hot spot density within the plasmonic structure.
In comparison with the nanoparticle superlattices obtained
via self-assembly of metallic nanocrystals by means of the
polymer ligands,®®! the ordered nanoparticle supercrystals may
also be synthesized via replicating 3D colloidal (e.g., polymer
or SiO, spheres) templatel® or ordered mesoporous silica (e.g.,
KIT-6, SBA-15, MCM-48) templates.'” For example, 2D dim-
pled gold nanoplates were fabricated by vapor reduction using
a 3D lattice of silica nanospheres (=40 nm) as a template.’!
Unfortunately, the dimpled-type array is not suitable for the
applications in SERS. Using ordered mesoporous silica (KIT-6
and SBA-15) template, Yamauchi's group has successfully fab-
ricated polyhedral mesoporous Pt nanoparticles through a
chemical reduction route.'” However, the synthesis of highly
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Figure 1. The ordered mesoporous template strategy to synthesize silver plasmonic supercrystals. a,b) Schematic diagram of the synthesis procedure
for ordered silver supercrystals by means of a nanocasting process using different templates with a variety of pore size and wall thickness, c) TEM

image of the template OMS-28, d) SEM image of OMASC-28.

ordered gold or silver supercrystals with well-controlled par-
ticle gaps via silica template protocol has not been reported.
In particular, compared with the dimpled-type array reported
in ref., [9] the current supercrystals with nanogap-type ordered
structure would result in novel plasmonic coupling effects
between nanoparticle building units.

Herein, for the first time, we report the fabrication of highly
ordered Ag plasmonic supercrystals using ordered mesoporous
silica with uniform spherical mesopores as a template
through a chemical reduction approach. The template strategy
(Figure 1a,b) briefly involves nanocasting of Ag nanostructures
within the ordered mesopore nanoreactors and the removal
of mesoporous silica. The current template protocol demon-
strates several remarkable advantages for their applications
in plasmonic nanooptics and nanophotonics. First, a highly
stable structure with high density and uniform nanogaps can
be reserved even after template removal owing to the unique
mesopore structure of silica template. More importantly, a tun-
able nanogap size (“G”) down to less than 2 nm can be cre-
ated by means of thin wall thickness of silica template, which
is vital for both SERS and tip-enhanced Raman spectroscopy
(TERS) sensing, as well as other research related to plasmonic
hot spots. Moreover, the replicating fabrication based on the
nanocasting protocol using silica template is organic free,
thus is a great benefit to the plasmonic enhancement. Our
novel template strategy could lead to a new class of plasmonic
nanostructures and open extraordinary potentials for diverse
applications.

Adv. Optical Mater. 2015, 3, 404-411
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2. Results and Discussion

Ordered mesoporous materials are a kind of nanoporous
molecular sieves with pores of 2.0-50 nm in diameter which
are aligned in 2D or 3D arrays throughout the materials. This
kind of materials possess high surface areas, large pore volume,
and uniform mesopores, which endows them application
potentials in catalysis, drug delivery, etc. On the other hand, the
uniform mesopores are idea nanoreactors for templating syn-
thesis of inverse nanomaterials with replicated structures.!'ll
In this work, we chose one class of ordered mesoporous silica
as templates to prepare the ordered Ag supercrystals (denoted
OMASC-28) with mesostructure features. The OMASC-28 silica
template was synthesized through solvent evaporation-induced
aggregating approach,l'?l which displays tunable pore sizes
from 10 to 50 nm and small wall thickness. Figure 1c shows
the mesostructure of the ordered mesoporous silica templates
(OMS-28) with a pore size of 28 nm. The transmission elec-
tron microscopy (TEM) image in Figure 1c indicates that the
OMS-28 template has a highly ordered structure with prefer-
able arrangement along the [100] direction. The wall thickness
of OMS-28 is measured from TEM image (Figure 1c, inset) to
be around =2 nm, consistent with the previous report.['?

The OMASC-28 was synthesized by means of the nano-
casting approach®l through a chemical reduction process.
Figure 1d shows the scanning electron microscopy (SEM)
image of the OMASC-28 obtained via the OMS-28 template.
From Figure S1 in the Supporting Information, it can be seen
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Figure 2. TEM images of the OMASC-28 and schematic plots of OMS-28. a—c) Low and high magnification TEM images of OMASC-28 after removal
of template OMS-28. d) TEM image of OMASC-28 within OMS-28 template. e,f) Schematic plots of OMS-28 template, showing the unique dual-
mesoporous structure consisting of large mesopores (window) and small wormlike mesopores and thin cell wall.

that the separated plate-like OMASC-28 shows the size around
~1 pm. The Ag nanoparticles, as a replica, display a uniform
size distribution of =28 nm, which is consistent with the pore
size of the parent template. The OMASC-28 shows plate-
like and tetragonal arrangement (Figure 1d and Figure 2a) of
the Ag nanoparticle owing to the {100} preferred facet of the
parent template (Figure S2, Supporting Information). One can
note that some discrete nanoparticles land on the surface of
Ag supercrystals (Figure 2a). It probably attributes to the over-
growth along nonpreferred {100} facet of template or the reab-
sorption of the discrete nanoparticles onto the surface of Ag
supercrystals during removing template. The selected area elec-
tron diffraction (SAED) pattern (Figure S3, Supporting Infor-
mation) taken from the boxed area of Figure 2a shows the poly-
crystalline feature of the plate-like Ag supercrystals, which is
similar with previous explanation.'l Tt is also worth noting that
the plate-like OMASC-28 demonstrates a uniformly distributed
nanogap (around 2 nm) between the nanoparticles (Figure 2b,c).
The uniform nanogap sizes are consistent with the wall thick-
ness of the parent template, OMS-28.'2 The template was
removed thoroughly and confirmed by the energy dispersive
X-ray spectrometry (EDS) line scan (Figure S4, Supporting
Information), exhibiting no obvious localization of silicon or
oxygen element within the nanogaps. In order to further ana-
lyze the silica residua after removing the template, X-ray pho-
toelectron spectroscopy (XPS) of bulk sample has been per-
formed. Figure S5, Supporting Information, reveals that the
silica template may be removed completely after washing by
NaOH solution three times.

To clarify the growth mechanism during the nanocasting
process, diverse reducing agents have been investigated. When
a relatively weak reduction agent was used, e.g., ethylene glycol
(EG), some discrete OMASC-28 aggregates consisting of Ag
nanoparticles with uniform size of =28 nm were observed
within the pore channels of parent template (Figure 2d and
Figure S6a,b, Supporting Information). However, in the case
of the ascorbic acid (AA), a stronger reducing agent relative to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

EG, the deposited Ag nanoparticles exhibit only random distri-
bution, and disordered structure can be found in the sample.
Consequently, separated deposition within the pore channels
and growth on the outer surface of the OMS-28 were observed
(Figure S6c¢ and S7a, Supporting Information). These results
suggest that the use of EG is vital for the formation of OMASCs
with well-ordered mesostructures. The reducing agent power-
dependent filling capacity within the mesoporous silica is sim-
ilar with the deposition of Pt polyhedral within KIT-6.1% It is
thus interesting to study whether the ordered mesostructural
Ag supercrystals can also be obtained by using other weak
reducing agents. To address this, a weak one relative to AA,
but with high viscosity, the glucose was employed to synthe-
size the Ag supercrystals at relatively low temperature (353 K),
which was supposed to offer a proper reducing power. In this
situation, again, only Ag nanospheres with discrete distribution
over the entire of the silica matrix were formed (Figures S6d
and S7b, Supporting Information). Therefore, the ideal dif-
fusivity, low viscosity, and appropriate reduction power are
very important for the successful growth of highly ordered Ag
supercrystals.

Based on these observations, we summarize the growth
mechanism and structural feature of the OMASC-28
(Figure 2e,f, and Figure S8 and S9, Supporting Information).
Briefly, the layer-by-layer assembled structure of OMS-28 prob-
ably with {100} preferred planes (Figure 1c and Figure S2,
Supporting Information) would be preferable to form the 2D
plate-like ordered mesostructural Ag supercrystals (Figure 2a
and Figure S1, Supporting Information).’?) The nanoparticle
building units in OMASC-28 were found to have hollow-shell
or multigrained structures like previous reports, but the
solid nanospheres and single crystalline structure. This could
be attributed to several factors including extremely high Ag
precursor concentration (i.e., 3 m), different kinds of reduction
agent species and the high mobility of reduction agents within
the parent template driven by heating. In fact, previous studies
have also suggested that the interior surface feature and

Adv. Optical Mater. 2015, 3, 404—411
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structure make the OMASC-28 Ag super- 0-
crystals a novel nanogap mode, where the
nanoparticle building units are separated by
gaps of only =2 nm and connected by small
fine nanoparticles (nanobridges) with less
than 2 nm in size (Figure S9, Supporting
Information).

To understand the interactions of an
electromagnetic wave with the OMASC-
28, a finite difference time-domain (FDTD)
calculation was applied, and the results were
compared with those for diverse particle sizes (“D”) and gap
modes including insulated gap, bridge mode as well as a thin
SiO, film-coated gap mode (Figure S10, Supporting Informa-
tion). The results show that the plasmon resonance highly
depends on the “D” and the gap modes. Under a constant “G”
of 2 nm, the calculated UV spectra of OMASCs with various
“D” (i.e., 10, 20, 28, and 38 nm) exhibit relatively wide plasmon
bands from 400 to 530 nm (Figure S11, Supporting Informa-
tion), respectively. However, under a constant “G” of 2 nm and
constant “D” of 28 nm, diverse gap modes result in a slight
changes of plasmon bands from 470 to 550 nm (Figure 3a).
For example, compared with the insulated gap, the bridged
mode demonstrates a slightly blue-shifted resonant peak, and
the coating of SiO, film leads to a red-shift. Thus, in the prac-
tical application, we may adjust the geometrical dimensions
of OMSs to synthesize OMASCs and meet the requirement
of laser wavelengths. Furthermore, the incident wavelength
dependence of the field enhancements for diverse gap modes
at 514, 633, and 785 nm, were calculated, respectively. One can
see that, the bridged mode coated by SiO, film demonstrates
the highest field enhancement with |E[/|Ey[=66.6 at excitation
wavelength of 514 nm, which corresponds to a SERS enhance-
ment (proportional to =[E[*) of =10’ (Figure 3b). Figure 3c
shows the calculated electromagnetic field distribution of
OMASC-28 with diverse gap modes at the 514 nm incident
laser wavelengths. Clearly, the electromagnetic enhancement

514

Adv. Optical Mater. 2015, 3, 404-411

Wavelength (nm)

Figure 3. The FDTD calculation of OMASC-28. a) Calculated UV-vis—NIR spectra of OMASC-28
with various gap modes. b) Histograms of field enhancements of OMASC-28 for various gap
modes calculated at excitation wavelengths of 514, 633, and 785 nm, respectively. c) Calculated
E-field distributions for OMASC-28 and their E-field intensity. d) The E-field enhancement and
hot spot density with an excitation wavelength of 514 nm, as a function of nanoparticle sizes
and gap sizes. The right scale bar in d) represents the values of E-field enhancement, and the
number marked on the contour map is the hot spot density.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 4 6 8 10 12 14 16 18 20
Gap Size (nm)

633 785

is highly localized in the gap region between nanoparticles
around the entire Ag arrays.

The OMASCs is an ideal model system to investigate the
influence of “D,” “G” and gap modes on the electromagnetic
field enhancement, and to examine how to select an optimized
“D” to maximize the hotspot density and signal enhance-
ment, simultaneously. To shed light on the interaction among
these factors, the field enhancement (Figure S12a, Supporting
Information) and the hot spot density (Figure S12b, Sup-
porting Information) depending on “D” and “G” were investi-
gated. Figure 3d shows the overlapping contours of the E-field
enhancement and hot spot density depending on “D” and “G.”
It is found that the smaller particle and gap size, the higher hot
spot density may be obtained (Figure S12c, Supporting Infor-
mation). However, for the E-field enhancement, a small gap
size is favorable. Meanwhile, the highest E-field enhancement
locates in a range of “D” above 60 nm (Figure S12d, Supporting
Information). In this regard, the ordered porous silica template
protocol (by designing diverse pore structure and size) will open
tremendous potential to fabricate Ag nanoparticle supercrystals
with tailored “D” and “G,” and hence meet various applications
using the SERS technique.

In order to evaluate the SERS sensitivity of the OMASC-28,
the SERS response was examined by using crystal violet (CV)
dye as the probe molecule, which has also been widely used in
previous experiments!'’) and our recent studies.'® To precisely
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Figure 4. SERS performance of OMASC-28 with CV dye as probe molecules. a) SERS spectra measured at the CV concentration of 107 m and excita-
tion wavelength of 514 nm with 2 s acquisition time. The inset SEM image is the measured OMASC-28 sample. b,c) SERS spectra measured at CV
concentrations ranging from 0.1 X 107> m to 100 x 10~ m. d—f) A SEM image of plate-like OMASC-28 and the corresponding Raman image recorded

by mapping the CV Raman peak at =1172 cm™.

determine the structural dependence on SERS activity, a silicon
wafer patterned by electron beam lithography was employed
as a substrate to support OMASC-28 so as to ensure that the
exact same particle is characterized (Figure S13, Supporting
Information). Figure 4a demonstrates the Raman spectrum
measured by using a 514 nm incident laser with a 107 M CV
aqueous (20 pL) dropping on the marked silicon substrates
with OMASC-28 predeposited. According to the procedure
and assumptions described previously!’®! and also used in our
previous experiments!'® for the CV molecules, the average
enhancement factor (EF) of the OMASC-28 was estimated
about =1.22 x 10° under the 514 nm excitation wavelength
(see details in the Supporting Information). The EF value for
OMASC-28 is highly remarkable among the reported SERS
substrates.?). Meanwhile, the Raman signals demonstrate a
relatively small dispersion with a standard deviation of =17.1%
if considering the ratio between the signal intensity and the
actual area of OMASC-28 specimens. In addition, the meas-
ured EF value is two orders of magnitude higher than the
calculated one. This is acceptable, because chemical enhance-
ment and surface roughness factors can be involved in actual
experiments.?! Similarly, the discrepancy between experimen-
tally measured and calculated EF value has also been observed
in many previous literatures.'8#20 To explore the limit of
detection (LOD) for the OMASC-28, a series of low concen-
trations of CV aqueous solution ranging from 100 x 10~ m to
0.1 x 107" M were measured. From Figure 4b,c, we observe

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

that the LOD of OMASC-28 for CV molecule can reach
=0.1 x 107" wm. Figure 4d—f shows the SEM-correlated nano-
Raman images by mapping the characteristic Raman peak of
CV at 1172 cm™. Although the Raman image may not provide
precise information of hot spots due to the limited resolu-
tion, it still suggests that the Raman dye may present in the
mapping area. If compare Raman image in Figure 4f with
the corresponding SEM image (Figure 4d), one can find that
these images show the similar profile (dashed—dotted circle),
revealing the CV molecules may uniformly distribute over the
entire surface of OMASC-28. Note that the up-right region
“A” of the Raman image displays a large difference as that in
SEM, which could be attributed to the interaction between the
detected OMASC-28 and the aggregate shown in Figure S14 in
the Supporting Information.

To further demonstrate the current protocol toward a uni-
versal SERS platform, we also examined diverse molecules
under similar conditions. First, an anionic dye Congo red
(CR) was tested. The Raman fingerprint peaks of phenyl-
N= stretching at 1158 cm™!, naphthyl aromatic ring at
1376 cm™!, phenyl ring at 1598 cm™!, respectively, can be iden-
tifiable at the CR concentration of 1 x 10712 m. However, these
peaks cannot be distinguished when the concentration down to
10 x 107 m (Figure 5a). The second molecule was p-mercap-
toaniline (pMA), which has a thiol group substituted at the para
position of aniline not only forms a self-assembled monolayer
(SAM) on metal surfaces but also is an important surface probe

Adv. Optical Mater. 2015, 3, 404—411
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sub-monolayer or monolayer adsorption of
1 dye molecules on the surface of OMASC-28
particularly at an ultralow concentration,
e.g., from 10 x 1072 m to 0.1 x 107" m. Thus,
the SERS signal intensities change a little at
a concentration below 10 X 10712 M, implying
that only a few dye molecules residing in
the nanogaps can exhibit efficient Raman
enhancement. This nonlinear behavior is
also consistent with previous reports.[24>2°]
According to above results, the superior sen-
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molecule onto the metal surface might be
also important.?! The measurement of
zeta potential ({) shows that the surface of
OMASC-28 is negatively charged with a
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Figure 5. SERS performance of OMASC-28 with different probe molecules. a—c) SERS spectra
for different molecules, a) Congo red, b) p-MA, c) adenine. d) SERS intensity at concentra-
tions ranging from 0.1 x 107"® m to 100 x 10~° m for various dye molecules. The curves below

10 X 1072 m are magnified for clarity.

molecule in SERS. From Figure 5b, the characteristic bands
of pMA are clearly visible even at low concentrations from
1x 1072 M to 0.1 x 107%> m. Third, the application of OMASC-28
is then extended to detect the biological analyte, e.g., adenine, a
DNA base molecule. Adenine is one of the two purine nucle-
obases, which is an ideal molecule to test the biosensing capa-
bility of OMASC-28 due to the number of biomolecules that
contain adenine. The investigation of adenine is extremely
important due to its high level of nonspecific binding to metal
surfaces and the label-free detection of DNA hybridization.[??]
Figure 5c shows many of the spectral features of adenine
along with the characteristic purine-ring breathing mode at
736 cm™! and stretching modes of various CN bonds at around
1333 cm™ at the concentrations even down to 0.1 x 107"
This LOD value is 3—4 orders of magnitude higher than that in
recent reports on ultralow concentration detection of adenine
molecules.??!

The correlation of SERS intensities with analyte concen-
trations for diverse dye molecules (Figure 5d, Figure S15,
Supporting Information, and Figure 16) displays Langmuir
isotherm curves with nonlinear least-squares regression.[2
The experimental data were obtained using at least three inde-
pendent specimens for each concentration, achieving reliable
measurements with less than 30% SERS intensity variation.
When many more molecules are present in detected solu-
tion, a linear relation between SERS intensity and the con-
centration can be observed in the range of 100 x 107 M to
10 x 1072 m (Figure 5d). However, the Langmuir isotherm
behavior (Figure S16, Supporting Information) might indicate

Adv. Optical Mater. 2015, 3, 404—411
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Concentration (M)
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value of ¢ at around -24 mV (Figure S17,
Supporting Information). Thus, electrostatic
interactions might assist in increasing the
affinity of probe molecules with our SERS
substrate, therefore improving the SERS
sensing detection and result in the different
LOD for diverse analytes.2%!

1E-9 1E-7

3. Conclusions

In summary, for the first time, we have successfully employed
the ordered porous silica as templates to synthesize a new
class of optically tunable plasmonic supercrystals through a
chemical reduction approach. A highly stable mesostructure,

e., high density and uniform nanogaps, can be reserved
even after removing the template. More importantly, a tun-
able nanogap size down to 2 nm even less can be achieved,
which is very vital for the communities of both SERS and
TERS as well as other researches related to plasmonic hot
spots. The formation mechanism of ordered silver nanopar-
ticle supercrystals was investigated, using diverse reducing
agents. It is found that, the diffusivity and reduction speed
with various reducing agents play a crucial role in the suc-
cessful growth of long-range ordered silver supercrystals
within the parent template. The Raman spectroscopy meas-
urements indicate that silver supercrystals of OMASC-28 as
SERS substrate have an ultrahigh sensitivity on the magni-
tude of =10°. Meanwhile, a lowest detection limit down to
=0.1 x 1071 M for CV, pMA and adenine molecules reported
to date, has been achieved, which enables the detection of a
single or a few molecules. Therefore, the current template
strategy, as a seminal piece of work, could lead to a new class
of plasmonic nanostructures and open extraordinary poten-
tials for diverse applications, such as biosensing, catalyst,
and SERS-based detection.
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4. Experimental Section

Materials: Silver nitrate (AgNOs), crystal violet (C,5H30CIN3), and
adenine (CsHsNs) was purchased from Sigma. Ethylene glycol (EG)
(HOCH,—CH,0H), ascorbic acid (CgHgOg), glucose (CgH1,06), ethanol
(C,HsOH), and sodium hydroxide (NaOH) were purchased from Tianjin
Chemical Corp. Congo red (C3,H;,NgNa,O¢S;) was purchased from
Tianjin Kermel Chemical Reagent Co., Ltd. p-mercaptoaniline (CgH;NS)
was purchased from Alfa Aesar.

Synthesis of Ordered Mesoporous Silica (OMS-28): The ordered
mesoporous silica was synthesized via the solvent evaporation-induced
aggregating assembly (EIAA) method reported previouslyl For a
typical preparation, 7.0 g of EO;,5-b-MMA,;, dissolved in THF solution
(0.57 wt%) was mixed with 2.0 g of 2 m HCl solution with stirring. Then,
0.30 g of TEOS was added into the above transparent solution, the
composition of EOQ;z5-b-MMA;7,/ THF/2M HCI/TEOS mass ratio was
1:175:50:7.5. After that, the solution was left to stand for evaporation
of THF at 25 °C in air in a hood. After 48 h, white silica/PEO-b-PMMA
composites were precipitated from the solution and collected by
centrifugation, washed with water for three times, and dried at 25 °C.
The as-made sample was hydrothermally treated at 100 °C for 24 h, and
then calcined at 550 °C in air for 5 h to remove the template.

Synthesis of Ordered Mesostructural Silver Supercrystals (OMASC-
28) by the Chemical Reduction Method: In order to obtain ordered
silver supercrystals, the OMS-28 was used as template. In the dipping
process, 0.0035 g of OMS-28 powder was immersed into AgNO;
aqueous solution (3 M, 21 pL) using an incipient wetness method. After
the sample drying at 313 K for 2 d in the vacuum oven, 45 pL of EG
was dropped on the sample. The sample was then placed in another flat
vessel for heating at 393 K in oil bath for 3 min. The color of the sample
was gradually changed to white gray. After the reduction process, the
composite material was stay in the vessel for =12 h. Then the template
was completely removed by treating the composite material with 3 m
NaOH solution three times at 273 K. Finally, the ordered silver material
thus obtained was washed with distilled water and ethanol several times
and dried at room temperature.

As for the other reduction agents, such as ascorbic acid (AA, 3 m) and
glucose, the only difference is the reduction process. The volume ratio
of AgNO3 and AA was 1:1 and the reduction process performed at room
temperature. The volume ratio of AgNO; and glucose was 3:5 and the
reduction process carried out at the temperature 353 K for 30 min.

Preparation of the SERS Samples: To prepare the SERS substrate, three
steps were used. i) dropping one layer of OMASC-28 onto the silicon
wafer (6 mm X 6 mm), ii) preparing different solution of dyes, the
aqueous solutions of CV and Congo red with different concentrations
were prepared, respectively. The ethanol solutions of PMA and Adenine
were prepared at different concentrations of 1076, 1071°, 1074, 10712,
107", 107°, and 1077 wm. Then, iii) 20 pL of dye solution were added
onto the substrate of OMASC-28, and dried with nitrogen gas. For the
detection limit measurements, the SERS substrates were immersed
into different dye molecules with various concentrations for 2 h, then
washed in ethanol to remove excess molecules, and finally dried with
nitrogen gas.

Characterization: The morphology and structure of OMS-28 and
OMASC-28 was observed by scanning electron microscopy (SEM) (JSM-
7000F) and a transmission electron microscopy (TEM) (JEM 2100). X-ray
photoelectron spectroscopy (XPS) (Thermo VG K-alpha, UK) was used
to investigate the surface elemental composition of OMASC-28 and the
photoelectrons generated by Al Ko source (1486.6 eV). Raman spectra
measurements were performed with a confocal Raman spectroscopy
(LabRAM HR800) at the excitation wavelength of 514 nm from an argon
ion laser, the grating was 600 g mm™'. The laser spot on a sample was
=0.8 ym in diameter under confocal mode. Raman signals were collected
through the same objective (100x) in the back-scattering geometry. For
measuring CV dye of 1077 w, the laser power was =0.022 mW and the
acquisition time was 2 s. For measuring other concentrations of CV
and other dyes, the laser power was =0.032 mW and the acquisition
time was 10 s. The AFM image was made in the tapping mode with

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a Vit-p tip using a NT-MDT AFM controller. AFM-correlated nano-
Raman images were recorded by mapping the characteristic Raman
peak of CV at 1172 cm™ via the AFM (NT-MDT) connected with a
Raman spectrometer (NT-MDT) equipped with a 532 nm solid state
laser, using a laser power of 0.12 mW, step size of 30 nm, scan area of
1.9 pm x 1.9 pm, acquisition time of 0.5 s/points. The zeta potential was
measured using a Zeta Sizer Nano ZS (ZEN 3690, Malvern, UK).
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Supporting Information is available from the Wiley Online Library or
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