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Particle-Arrayed Silver Mesocubes Synthesized via
Reducing Silver Oxide Mesocrystals for Surface-Enhanced

Raman Spectroscopy

Zhongbo Yang, Lei Zhang, Hongjun You,* Zhiyuan Li, and Jixiang Fang*

In this study, we demonstrate an easy particle-mediated protocol using the
specific structure of mesocrystal Ag,O sacrificial templates to synthesize high-
ly rough-cubic Ag mesocages. To the best of our knowledge, the mesocrystal
particles are reported for the first time as sacrificial templates for synthesiz-
ing metal particles. The obtained Ag mesocages show high surface-enhanced
Raman scattering (SERS) sensitivity because of the highly rough topography
formed by arrays of uniform individual Ag nanoparticles. Abundant “hot
spots” with greatly enhanced local electromagnetic field are promoted densely
on the mesocage surface by the plenty of deep and narrow gaps and the hol-
low structure. The single-particle SERS signal generated by the Ag mesocage
has an enhancement factor of approximately 10°, which is approximately four
times higher than the Ag mesocage synthesized using single-crystal Ag,O
particle as a template. Meanwhile, this signal displays a linear dependence on
the detected analyte concentration, sensitively down to 1.0 X 10712 m.

with a stable, uniform, and high average
enhancement factor over relatively large
areas remains a great challenge.”:1#-18]
With the aim of creating a high amount
of effective “hot spots” within individual
particle, and simultaneously keeping high
reliability and reproducibility, various
metal particles with highly rough surfaces
have been fabricated. Single-particle SERS
enhancement factors of these particles are
in the order of 10° to 10° for Ag star-like
particles,[” 10° to 107 for Au meatball-like
and flower-like particles,'#?%2! and 107 to
10® for Au urchin-like and Ag flower-like
particles.#1522 Recently, some hollow or
porous metal nanostructured substrates
show even higher enhancement (enhance-
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1. Introduction

Hollow nanostructures made of metals are intriguing to syn-
thesize and study because they exhibit surface plasmonic
properties and catalytic activities different from their solid
counterparts.!3] When used as an optical device, the hollow
structure offers great advantages in tuning the surface plasmon
resonance.l!l Strong plasmonic field is produced from the cou-
pling between the external and internal surface plasmon field
in the hollow particles.! Thus, greatly enhanced Raman scat-
tering can be obtained owing to the strong localized electric
filed excited on the nanostructed shells.’) Surface-enhanced
Raman scattering (SERS)-based signal detection and molec-
ular identification are new, powerful spectroscopy techniques
attracting considerable interests in the fields of nanomate-
rials, biotechnologies, chemical analysis, and environmental
monitoring.*13] At present, the fabrication of SERS substrates
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ment factors reach to 10°).2324

Up to now, many synthesis methods
have been developed to prepare hollow
metal particles.*>?%] The most commonly used method is the
sacrificial template-directed protocol developed by Xia et al.%27]
Metal nanocages can be prepared using various nanoparticles,
such as silver,222% nickel ! cobalt,?!! cuprous oxide, 233 silver
oxide,?* etc., with a range of morphologies as a sacrificial tem-
plate by galvanic or reduction reaction. However, only single-
crystal nanoparticles are mainly used as a sacrificial template
that results in a relatively monotonous structure and surface
topography. No study has yet reported on the use of mesocrystal
particles as a sacrificial template to prepare hollow or porous
particles. Mesocrystals are a newly found crystal structure that
consist of an ordered mesoscale superstructure composed of
individual nanocrystals aligned along a common crystallo-
graphic direction; they exhibit scattering properties similar to
those of a single crystal.[>343°] Mesocrystal Ag,0 polyhedral
particles can be prepared in situ through an external elec-
tric field-driven particle-mediated “bottom-up” assembling
methodology.?®!

In this study, we found that mesocrystal Ag,0O polyhedral par-
ticles are more robust as sacrificial templates for the synthesis
of Ag particles with controllable surface roughness and inner
structure compared with single-crystal Ag,O particles. In the
reduction of the mesocrystal Ag,0 particle used as a sacrificial
template, which is different from reduction using single-crystal
Ag,0 particles, every nanocrystal unit in the mesocrystal can be
separately reduced into small individual Ag nanoparticles with
various structures depending on the reduction conditions. The
produced small nanstructured Ag particles can self-assemble to
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form hollow or porous mesoparticles with controllable surface
topography, which can serve as an ideal target for systematically
investigating the influence of particle surface topography and
inner structure on the SERS properties. It offers a new perspec-
tive because rough surfaces and hollow/porous structures have
only been separately studied in the past.?3>?4 Using mesocrystal
Ag,0 polyhedrons as a sacrificial template, highly rough Ag
mesocages can be obtained that show higher enhancement
(approximately four times higher) for SERS than Ag mesoc-
ages synthesized using single-crystal Ag,O particles as a sac-
rificial template.’?l Compared with Au particles with 1 nm
nanobridged nanogaps,'®! each highly rough Ag mesocage has
more nanogaps. Additionally, compared with urchin-like, meat-
ball-like, and flower-like particles,!*1>2937] the hollow structure
of this Ag mesocage can promote the enhancement of a local
electromagnetic field on the surface, thereby resulting in an
amplified SERS signal. The synthetic principle and strategies
reported herein using mesocrystal particles as templates open
avenues for fabricating superstructures using specific mes-
ocrystal structures to obtain higher SERS or other functional
properties.

2. Results and Discussion
2.1. Morphology Control of Silver Mesoparticles

The protocol we used to synthesize silver mesoparticles with
controllable roughness is based on the reduction of mesocrystal
Ag,0 particles using hydrogen peroxide. In our previous study,
single-crystal Ag,O particles have been used as sacrificial tem-
plates to synthesize silver mesocages.l?’l In the present study,
mesocrystal Ag,0 particles were used to replace single-crystal
Ag,O particles as sacrificial templates for synthesizing silver
mesocages. Mesocrystal cubic Ag,O template particles were
first synthesized using an electrochemical method.l*®! Figure 1
shows the scanning electron microscopy (SEM) images of the
mesocrystal Ag,0 particles. The side lengths of the mesocrystal
Ag,0 cubes are approximately 800 nm. By comparison, single-
crystal Ag,0 particles with similar shapes and sizes were also
synthesized by reactions among AgNO;, ammonia, and NaOH,
with PVP as surfactant ligand (SEM images in Figure S1, Sup-
porting Information).?3l The crystal structures of mesocrystal
and single-crystal Ag,0 template particles have been clearly
presented in our previous reports.[2336]

Figure 1. a) SEM image of cubic mesocrystal silver (I) oxide (Ag,O)
particles. b,c) SEM images of a single-mesocrystal Ag,0 particle and its
surface morphology.
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Figure 2. a,b) SEM and c,d) TEM images of highly rough Ag mesocages
synthesized using mesocrystal Ag,O cubes as sacrificial templates under
fast reduction (10% H,0,, 120 s). The inset in d shows the correlated
SAED patterns of a single Ag mesocage.

The mesocrystal Ag,O particles demonstrate a growth
mechanism different from the single-crystal Ag,O particles.
The single-crystal Ag,0 particles are formed through a clas-
sical atom/ion-mediated growth model. In the growth pro-
cess, the primary growth units are atoms/ions that build onto
the particle through diffusion and result in the single-crystal
structure and smooth surface, as shown in Figure S1b (Sup-
porting Information). While, the mesocrystal Ag,O particles
are formed through a non-classical particle-mediated growth
model.?>*! In the electrodeposition process, the increased
Ag atoms in the solution aggregate to form small nanoparti-
cles that are oxidized by dissolved oxygen in the solution to
form Ag,0 nanoparticles. The small Ag,0 nanoparticles act
as building units to assemble the mesocrystal Ag,O parti-
cles through an oriented attachment mechanism.® In this
particle-mediated growth, the primary growth units are small
Ag,0 nanoparticles that still can be clearly seen on the par-
ticle-aggregated rough surface of mesocrystal Ag,0 particles
(Figure 1b,c).

Compared with single-crystal Ag,O particle templates,
different Ag particles can be obtained using mesocrystal
Ag,0O particles as sacrificial templates. Figure 2 shows the
SEM and transmission electron microscopy (TEM) images
of highly rough Ag mesocages synthesized using the mes-
ocrystal Ag,O particles as sacrificial templates through quick
reduction with H,0, (10% H,0,, 120 s). The Ag mesocages
inherit the shape and size of the mesocrystal Ag,0 particle
templates well and show a highly rough surface (Figure 2a).
The magnified SEM image in Figure 2b shows that the
rough surface is composed of numerous uniform individual
spherical nanoparticles. The TEM image in Figure 2c clearly
displays the hollow interior. The strong contrast difference
between the edges (dark) and center (bright) in the TEM
image implies that the mesocages have a wall thickness of
approximately 200-300 nm. The magnified TEM image in
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Figure 3. a,b) SEM and c,d) TEM images of porous Ag mesocubes syn-
thesized using mesocrystal Ag,O particles as sacrificial templates under
slow reduction (1% H,0,, 120 s). The inset in (d) is the correlated SAED
patterns of a single Ag mesocage.

Figure 2d shows that the wall of the mesocage is composed
of nanoparticles. Selected-area electron diffraction (SAED)
patterns (inset in Figure 2d) recorded from a single mes-
ocage reveal the typical polycrystalline nature of all cubic Ag
mesocages.

The surface topography and inner structure of the Ag mes-
oparticles can be tuned by changing the reduction speed.
Figure 3 shows the SEM and TEM images of Ag mesoparti-
cles synthesized at a slow reduction speed (1% H,0,, 120 s).
In the case of slow reduction, the Ag mesoparticles also retain
the shape and size of Ag,0 templates, as shown in Figure 3a.
However, the surfaces of the Ag mesoparticles obtained at the
slow reduction speed become smooth and have numerous
nanoholes, different from those obtained at quick reduction
speed, as shown in Figure 3b. The TEM image in Figure 3c
shows that the inner structure of Ag mesoparticles transforms
from hollow mesocage to porous structure. The magnified
TEM image in Figure 3d shows that the interior of mesopar-
ticles is very porous. The SAED patterns (inset in Figure 3d)
of the porous mesoparticles also reveal a polycrystalline nature
similar to the Ag mesocage. The difference is due to the fact
that the porous particles are composed of more and smaller
nanocrystals.

The single-crystal Ag,O particles (Figure S1, Supporting
Information) were also used as sacrificial templates to syn-
thesize Ag mesoparticles. SEM images of the obtained Ag
mesoparticles are shown in Figure 4. Only Ag mesocages are
obtained both at fast (10% H,0,) and slow (1% H,0,) reduction
speeds. Moreover, their surface topography and inner struc-
ture are very similar, indicating that a relatively monotonous
structure and surface topography can be obtained using single-
crystal Ag,0 particles as sacrificial templates. More importantly,
the surface is smoother than the highly rough Ag mesocage
synthesized using the mesocrystal Ag,O particles as sacrificial
templates through quick reduction.
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Figure 4. SEM images of Ag mesocages synthesized using single-crystal
Ag,0 cubes as sacrificial templates under a) fast reduction (10% H,0,)
and b) slow reduction (1% H,0,).

2.2. Growth Mechanism of Silver Mesopatrticles

The intrinsic crystal structures of the Ag,O particle templates
significantly affect the final morphology and structure of Ag
mesoparticles. On the basis of the experimental results, the
following growth mechanism is proposed (Figure 5). For Ag
mesoparticles synthesized using single-crystal Ag,O particles
(Figure 5a), the surface of Ag,O particles is firstly reduced to
form some non-uniform Ag nanoparticles (stage 1 in Figure 5a;
experimental result in Figure S2, Supporting Information).
With the ongoing reduction process, more Ag nanoparticles
are produced and aggregate together to form a shell on the
surface of Ag,O particles (stage 2 and 3 in Figure 5a). In this
process, the newly produced Ag atoms weld with the previously
produced Ag nanoparticles, as illustrated in schemes A to D.
Finally, a rough surface with numerous dents (indicated by
arrows in scheme D) is formed on the Ag mesocage (Figure 5b).

Ag mesoparticles synthesized using mesocrystal Ag,O parti-
cles as sacrificial templates show a different growth process, as
illustrated in Figure 5c. Mesocrystal Ag,O particles have a novel
crystal structure, i.e., an ordered mesoscale superstructure com-
posed of individual nanocrystals. In the reduction process, the
building unit in the mesocrystal particle is separately reduced.
Upon quick reduction, every building unit in the mesoparticle
is reduced to form uniform individual spherical Ag nanoparti-
cles that finally array on the mesocage surface to form a highly
rough shell, as illustrated in schemes E to H. Thus, abundant
deep and narrow nanogaps (indicated by arrows in scheme H)
are formed between Ag nanoparticles on the surface of Ag mes-
ocages (Figure 5d). For the SERS enhancement view, this kind
of topography can potentially be an ideal single-particle SERS
substrate with high enhancement. However, on the surface of
conventional Ag mesocages obtained from single-crystal Ag,0
particles, only some shallow and irregular dents appear on the
surface (Figure 5b). Under slow reduction, every building unit
nanocrystal of mesocrystal Ag,O particles is separately reduced
to form small Ag hollow or porous nanoparticles. In this case,
every unit corresponds to each small single-crystal Ag,O par-
ticle being reduced. At the final stage, the produced individual
small Ag hollow and porous particles connect with one another
to form porous mesoparticles as shown in Figure 3.

2.3. SERS Properties of Silver Mesoparticles

The single-particle SERS activity of Ag mesoparticles syn-
thesized using mesocrystal and single-crystal Ag,O particles

Part. Part. Syst. Charact. 2014, 31, 390-397
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Figure 5. Schematic of the formation of Ag mesocages through the reduction of a) single-crystal and c) mesocrystal cubic Ag,O particles. b,d) Different

surface topographies showing the two kinds of particles.

as sacrificial templates were investigated under a confocal
Raman microscope with laser excitation at 633 nm. A 11.0 x
107 m crystal violet (CV) aqueous solution, which is a standard
SERS analyte,3*4% was used by drop coating on the Si substrate
sparsely coated with Ag mesoparticles. The individual Ag mes-
oparticle on the substrate can then be easily observed with an
optical microscope. Figure 6a—c show the single-particle SERS
spectra of individual Ag mesoparticles. The cubic highly rough-
Ag mesocage synthesized using mesocrystal Ag,O particles at
quick reduction shows the highest single-particle SERS signal,
which is approximately four times higher than individual Ag
mesocages synthesized using single-crystal Ag,O particles and
roughly eight times higher than individual porous Ag cubic
mesoparticles. Our previous study has shown that the average
enhancement factor of single-particle Ag mesocage synthe-
sized using single-crystal Ag,O particle is found to be =108 to
10°.23 In this study, the enhancement factor of single-particle
highly rough Ag mesocage synthesized using mesocrystal
Ag,0 particle is =10°. The enhancement factor was estimated
using the same method as our previous work reported.[1>21:23.33]
As shown in Figure 6d—f, SERS signal distributions across
six separated highly rough-Ag mesocages were characterized
(mapped) at a high spatial resolution of =200 nm provided by
a high-magnification objective lens (100x) and confocal mode
of the microscope (Method section). The “hot spots” over the six
Ag mesocages are uniformly distributed throughout the entire
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surface of every Ag mesocage. Moreover, the intensities from
each mesocage are uniform. This result clearly shows that the
highly rough Ag mesocages possess very high SERS reproduc-
ibility that can be attributed to their uniform and highly rough
surface topography.

To corroborate the observed relationship among SERS
activity, structure and surface topography of various silver mes-
oparticles, 3D finite-difference time-domain (FDTD) simulation
was used to calculate the local electric field intensity around
model Ag particles irradiated with monochromatic light at
632 nm. The following four cubic model Ag particles (Sup-
porting Information), which have the same external side length
of 800 nm but different surface morphologies and inner struc-
tures, were studied: i) model A, a cubic mesocage with a shell
constructed by a two-layer random arrangement of 100 nm nan-
oparticles and a 400 nm cubic hollow in the center (Figure S3,
Supporting Information); ii) model B, a cubic mesocage with
a shell randomly constructed by four layers and compactly
aggregated 50 nm nanoparticles and a 400 nm cubic hollow
in the center (Figure S4, Supporting Information); iii) model
C, a filleted corner porous mesocube with ellipse holes on the
surface (Figure S5, Supporting Information); and iv) model D,
a core-shell cubic mesoparticle with a same shell constructed
with model A, but the center is solid. In this study, models A
to C were used to simulate these three kinds of mesoparticles
studied for SERS properties (insets in Figure 6a—c), respectively.
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Figure 6. Single-particle SERS spectra of CV molecules on a) highly rough Ag mesocage, b) conventional Ag mesocage, and c) porous Ag particles.
d) Optical microscopy image of a substrate with individual highly rough Ag mesocages synthe5|zed using mesocrystal Ag,O particles under quick reduc-
tion as well as correlated e) two- and c) three-dimensional Raman images. The color-coded signal in the Raman images corresponds to the intensity
of the Raman band of CV at 1172 cm™' integrated over 1120-1250 cm™' after background subtraction.

The Raman intensity is generally accepted to increase by a
factor |E|* with respect to the local electric field on the SERS
substrate surface.*!! Figure 7a-c show the typical distribu-
tions of the electric field strength E (plotted as color-coded
|E|?) obtained from models A to C. Similar to the experimental

result, the most localized and enhanced electric field regions are
found throughout the entire surface of model A. The maximal
|E|* enhancement is found to be approximately 2800, 1200, and
300 for models A, B, and C, respectively. Regarding the factor
|E|*, the value of model A is approximately five times higher

05 02 01 04 (um)

05 02 01 04 (um)

Figure 7. Corresponding calculated distributions of the local electric field intensity (color-coded relative E? values) across air-suspended model Ag
cubic mesoparticles irradiated from the top with a 632 nm laser. a) Ag cubic mesocage with a highly rough surface, b) Ag cubic mesocage with a lowly
rough surface, c) porous Ag cubic mesoparticle, and d) solid Ag cubic mesoparticle with a highly rough surface.
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Figure 8. a) Single-particle SERS spectra of CV molecules adsorbed on an Ag mesocage synthesized using mesocrystal Ag,O particles under quick
reduction at decreased CV concentrations from 10~ m to 1072 m. b) SERS intensity plot at four fingerprint peaks (438, 1172, 1372, and 1620 cm™') as
a function of the CV concentration. c¢) The magnified plot of circled area in (b).

than that of model B, which well agrees with the experiment
result (approximately four times, Figure 6a,b).

On the basis of the intensity maps of the local electric field
in Figure 7a, the “hot spot” is found to be distributed in the
crevices and junctions between the arrayed nanoparticle units
on the mesocage shell because of strong plasmon coupling
between nanoparticles. Generally, the local electric field is
enhanced by two kinds of rough topographic structures. One is
the vicinity of sharp tips with high curvatures that acts as nano-
antenna enhancement, and the other is the slit area between
two metal nanoparticles that serve as nanogap enhancement.
The Raman scattering of a molecule can be greatly enhanced
when the molecule is situated on or near the regions of nano-
texted curvatures or gaps on rough metal surfaces.[*>* In these
regions, the collective oscillation of conduction electrons is con-
fined and results in so-called localized surface plasmon reso-
nance under the light irradiation within a certain wavelength
range.**! The plasmonic coupling effect in these regions
induces very high local electromagnetic fields that generate
“hot spots” with high SERS enhancement (enhancement factor
up to 10'°-10"), even for single-molecule detection.>1>°%>1 In
this study, the enhanced local electric field in models A to C is
mainly excited by a nanohole or nanoslit on the Ag mesopar-
ticle surface that serves as nanogap enhancement. Compared
with models B and C, the deeper and narrower slit on the par-
ticle surface of model A can more effectively confine light in
the slit cavity, thereby resulting in a stronger localized electric
field excited at its narrow slit area by the confined light. Com-
pared with model D (Figure 7d), the hollow structure of model
A can help the light to interact further with the particles on the
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mesocage shell, resulting in stronger surface plasmonic field
from the coupling between surface plasmon fields on exterior
and interior shells.) The FDTD simulation result indicates that
the great deal of deep and narrow slits constructed by array of
nanoparticle units on the highly rough-Ag mesocages synthe-
sized using the mesocrystal Ag,O particles and their hollow
structure can greatly improve SERS enhancement.

The extreme limit of single—particle SERS versus analyte con-
centration was evaluated on highly rough-Ag mesocages synthe-
sized using mesocrystal Ag,0O particles, as shown in Figure 8.
In this study, quite diluted solution of CV in water with concen-
trations from 1.0 x 107 to 1.0 x 1072 m was used by depositing
in the mesocages substrate as described in the Experimental
Section. The average numbers of CV molecules on single Ag
mesocage at concentrations of 1.0 x 10712, 1.0 x 1071, 1.0 x
10719, and 1.0 x 10~ m were estimated as 3.8, 38, 380, and 3800,
respectively (Supporting Information). Figure 8a shows that
when the CV concentration decreases to 1.0 x 10712 m, the spec-
tral features close to the characteristic vibrational peaks of CV
(438, 1172, 1372, and 1620 cm™) can still be easily identified
on an individual Ag mesocage and well corresponds to the ordi-
nary Raman spectra of CV in the solid state and in the aqueous
solution. This unprecedently low detection limit corresponds to
about 3.8 CV molecules on the detected individual single Ag
mesocages, indicating only a few molecular-level detection. Our
previous study showed that the concentration extreme limit for
the Ag mesocage synthesized using the single-crystal Ag,0 par-
ticle as a sacrificial template was 1.0 X 107! m (corresponding
to 38 CV molecules on the single Ag particle).?3! In Ko et al.,’?
the detection limit on porous substrate corresponds to 30 DNT
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molecules. So, the detection limit is greatly improved on the
highly rough Ag mesocage synthesized using mesocrystal Ag,0
particle as a sacrificial template.

Usually, only the CV molecules adsorbed at “hot spots” con-
tribute to the Raman signal intensity. As such, SERS meas-
urements with silver nanospheres substrate showed that, of
1 000 000 SERS active sites, 63 sites contributed 24% of the
overall SERS intensity. On the individual highly rough Ag mes-
ocage, the detection limit decreases to several molecules level,
indicating that the probability of CV molecules adsorbing at
“hot spots” is very high. As shown in previous FDTD simula-
tion, on the surface of Ag mesocage, the “hot spots” located
at the nanogaps between Ag nanoparticle units. Molecular
dynamic simulation result shows that the CV molecule prefer-
ably adsorbs at or near to these “hot spots” (nanogaps) on the
Ag mesocage surface (Supporting Information). The molecular
dynamic simulation is similar with previous report,?1>3 and
details are described in the Supporting Information. The prior
adsorption of CV molecules at “hot spots” can well explain why
the detection limit can be decreased to several molecules for the
single-particle SERS.

The signal intensity changes of single-particle SERS for CV
concentrations of 1.0 x 10712-1.0 x 10~ M are shown in Figure 8b.
The Raman intensity increases with the increase of CV con-
centration. At low concentration scopes, the increase of Raman
intensity keeps an almost linear relationship with concentration
as shown in Figure 8c, indicating that the most of added new
CV molecules on the mesocage same as the previous adsorbed
molecules have contribution to the Raman intensity with the
increase of concentration. The linear relationship keeps with
concentration increasing from 1 to 100 x 10712 M (number of
CV molecules increasing from =3.8 to =380 on single Ag mes-
ocage). When the most of “hot spots” on the Ag mesocage have
been occupied by adsorbed CV molecules, the probability of
new added CV molecules adsorbing at “hot spots” becomes
lower, resulting in the Raman intensity increase can not con-
tinuously keep linear relationship with the concentration
increasing to higher level (Figure 8b, 1000 x 10712 m).

3. Conclusion

Mesocrystal particles are used for the first time as a sacrificial
template to prepare Ag mesoparticles. In the reduction process,
each nanocrystal unit in mesocrystal Ag,0 particles, which cor-
responds to a small single-crystal Ag,0O particle, is separately
reduced into uniform Ag nanoparticles at quick reduction
speed or hollow nanocage at slow reduction speed. These Ag
nanoparticles self-assemble to form highly rough Ag hollow
mesocages or porous mesoparticles with controllable surface
topography. Compared with porous Ag mesoparticle and con-
ventional Ag mesocage synthesized using single-crystal AgO
particles, highly rough Ag mesocage shows an unusual higher
single-particle SERS enhancement (about 10°). Abundant deep
and narrow nanogaps on the shell of the highly rough Ag mes-
ocage induces a strong localized electric field that can be excited
by monochromatic light, thereby exerting multiple effective “hot
spots” homogeneously distributed on the surface. The extreme
limit of single-particle SERS versus analyte concentration is

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sensitive even at concentrations as low as 1.0 x 10712 v, corre-
sponding to several molecules detection. Thus, a new type of
highly rough Ag mesoparticles is obtained by an easy particle-
mediated protocol. The mesoparticles have high single-particle
SERS sensitivity, caused by the highly rough surface, aniso-
tropic shape effect, and “less-lossy” compared with gold within
the blue/green visible range.”*

4. Experimental Section

Synthesis of Ag,O Particles: All chemicals were used as received
without further purification. Single-crystal Ag,O particles were
synthesized by a facile solution-phase route referring to our previous
report.?l In the synthesis, 0.5 m ammonia was added in a dropwise
manner into 50 mL 1 x 107> m AgNO; aqueous solution in the presence
of 0.1 x 107 wm poly (vinyl pyrrolidone) (PVP, Mw = 55 000 amu) until
the color of the solution turned from tawny to colorless and transparent
solution. Following, 0.3 mL of 2 m NaOH was rapidly injected into the
above solution by stirring. Immediately, brownish-black precipitates
were obtained, which were collected by centrifugation and washed
several times with double-distilled water as well as absolute ethanol.
Mesocrystal Ag,O particles were synthesized using an electrochemistry
method referring to our previous report.2% In a double-electrode
electrodeposition system, two parallel silver plates with dimension
5 mm x 5 mm x 0.5 mm were separated by a distance of 3 cm in a1 X
1073 m AgNO; aqueous solution as anode and cathode. A direct current
potential with 15 V was applied between the two silver plates electrodes.
As electric current passed between the two electrodes, brown-colored
deposits would emerge in the vicinity of the anode and fall off into the
solutions, which were collected for further investigation and reaction.

Synthesis of Ag Particles: In a typical synthesis, the obtained Ag,O
particles were dispersed into 10-mL double-distilled water. Then, 20 mL
of hydrogen peroxide (10%) was added into the solution by dropwise
while magnetic stirring. The solution immediately changed color and
evolved gas. After 120 s, the precipitates in the solution were isolated by
centrifugation (2 000 rpm, 10 min) and then washed several times with
water and finally dispersed in ethanol for further characterization.

Characterization: The morphology of the products was investigated
by field emission SEM using a JEOL (JSM-7000F) at an accelerating
voltage of 20 kV. TEM analysis images and SAED pattern analysis were
performed on a JEOL JEM-2100 transmission electron microscope
operating at an accelerating voltage of 200 kV.

SERS Measurement: To evaluate SERS performance, 0.1 mL of the
1.0 x 10~ m aqueous CV solution was dropped onto the wafer piece (with
an area of 10 mm x 10 mm) coated by synthesized silver mesocages,
rinsed with deionized water, and dried under ambient conditions. SERS
measurements were carried in backscattering geometry using a WiTec
CRM200 confocal Raman microscope and a Kaiser Optical RXN1
spectrometer with the 633 nm He—Ne laser line at room temperature.
The excitation laser spot size and intensity on the samples were typically
=3 um in diameter (i.e., significantly larger than a single mesoparticle
size) and 0.1 mW after being decreased with a D2 attenuation piece,
respectively. Raman imaging of “hot spots” was performed on the
CRM200 microscope employing a piezo table for sample scanning with
a typical X-Y step of 200 nm (200 nm x 200 nm scanning pixel size),
a high-resolution 100x objective (=0.5 um laser spot) and a spectrum
acquisition time of 2 s per pixel. Raman images represent a color-coded
area of the characteristic Raman band of CV at 1172 cm™' integrated
over 1120-1250 cm™ with a subtracted broad background signal.

FDTD Simulation: Four models based on the SERS samples were built
and their geometric details are shown in the Supporting Information.
The 3D FDTD simulation was used to calculate the near-field electric
field intensity at excitation wavelengths of 632 nm. The incident light
was a plane wave propagating along the z-axis and polarized along the
x-axis. It was assumed that each geometrical model was suspended
in air (ny = 1.0). The frequency (w) dispersive and complex dielectric
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function for Ag, e, (w), were obtained from the handbook of optical
materials. The grid size was 5 nm and the size of the cross section of
electric field intensity was 1.0 x 1.0 um?.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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