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A well-designed type of micron-sized hollow silver sphere was successfully synthesized by a simple hard-template method to be
used as substrates for surface-enhanced Raman scattering. 4 A molecular sieves were employed as a removable solid template.
[Ag(NH,),]" was absorbed as the precursor on the surface of the molecular sieve. Formaldehyde was selected as a reducing agent to
reduce [Ag(NH,),]", resulting in the formation of a micron-sized silver shell on the surface of the 4 A molecular sieves. The micron-
sized hollow silver spheres were obtained by removing the molecular sieve template. SEM and XRD were used to characterize the
structure of the micron-sized hollow silver spheres. The as-prepared micro-silver spheres exhibited robust SERS activity in the
presence of adsorbed 4-mercaptobenzoic acid (4-MBA) with excitation at 632.8 nm, and the enhancement factor reached ~1.5 x

10°. This synthetic process represents a promising method for preparing various hollow metal nanoparticles.

1. Introduction

Surface-enhanced Raman scattering (SERS) is widely used
in chemistry, biology, physics, and material science because
it can markedly enhance the inherently low Raman scat-
tering signal from molecules leaving the surface of metal-
lic nanoparticles, even at the single-molecule level [1-5].
Recently, photochemical reactions promoted by the two SERS
mechanisms have been studied, which are of considerable
interest to the researches concerned with nanomaterials
preparation, chemical analysis, single-molecule spectroscopy
detection, and so forth [6-13]. Several studies have revealed
that surface-catalyzed reactions are strongly dependent on
the SERS substrates; therefore, much effort has been focused
on synthesizing the substrates while maintaining stability,
reproducibility, large size reliability, high sensitivity, and low
cost [14]. For example, Yamamoto et al. have presented new
galvanic displacement reaction, which produced a high SERS
intensity substrate [15].

It is known that metal nanoparticles are prone to con-
gregate randomly due to the Van der Waals forces and
their high surface energy. Moreover, this aggregation of
nanoparticles is difficult to control and results in reducing
the stability of SERS substrates. Though some work has
been done in the single Ag-NP dimmer to evaluate the
plasmon resonance [16], the evaluation is still difficult for the
present SERS substrates. In order to prevent the formation
of aggregates, metal nanoparticles are often prepared in the
presence of stabilizing polymers or various surfactants [17-
25]. However, these polymers or surfactants interact with
the metal substrates and cover their surface, inhibiting the
accessibility of the metal nanoparticle surfaces, or even
resulting in poor information being collected in experiments.
On the other hand, larger noble metal substrates, which are
on the submicrometer or micrometer scale, have been found
to be capable of reducing aggregation and to provide stable
SERS signals for the molecules being investigated [26-29].
In general, once the size of the micron-sized metal spheres



is close to or higher than the excitation wavelength, their
surface enhanced effect is attenuated due to the appearance
of the higher-order multipolar plasmon modes. On the other
hand, strong electromagnetic field enhancement is provided
by the introduction of controllable nanoscale roughness on
the particle surface, which can effectively couple to the optical
electric field [28].

In our previous studies, micron-sized hollow copper
spheres were shown to be effective SERS substrates for
characterization of molecular adsorbates. This was mainly
attributed to their novel structure with larger specific sur-
face areas [30]. To date, silver has been a reasonable first-
class enhancing SERS substrate because of its narrow and
pronounced plasmon resonance [3]. However, the standard
electrode potential of the [Ag(NH;),]"/Ag pair is higher than
that of the [Cu(EDTA)]**/Cu pair, which will result in the
higher proportion of a bulk reduction. Thus, the formation
of the silver layer mainly originates from simple deposition
after a bulk reduction instead of successive surface reduction
of silver ions. As a consequence of weak linkage between
the silver nanoparticles, the shells break down following the
removal of the core. Even though submicron-sized hollow
silver spheres could be synthesized by using soft-template
methods, polymers and surfactants had to be used for this
study [31]. So it is reasonable to conclude that the synthesis
of hollow silver spheres should be more difficult than that
of copper. Whether micrometer-sized hollow silver spheres
could be synthesized as a drastic SERS substrate is still a
scientific problem to be resolved.

In this paper, a hard template method was employed
to synthesize micron-sized hollow silver spheres. The 4 A
molecular sieves and formaldehyde were used as a removable
solid template and weak reductant in the process, respectively.
The virtue of this method is that we can avoid the use of
nonvolatile surfactants and polymers. Moreover, the cost of
using micron-sized hollow silver spheres is much lower than
that of micron-sized solid spheres.

2. Experimental Section

2.1. Materials. Silver nitrate (99.8%) was purchased from
Junsei Chemical Co. Ltd. (Japan) and used as received.
Ammonia solution (28.0-30.0 wt%) was obtained from Sam-
chun Pure Chemical Co. Ltd., South Korea. Potassium
hydroxide (>82%) was acquired from Regent Chemical Co.
Ltd., Tianjin, China. Formaldehyde (36%) was obtained from
Tianjin Institute of Chemicals, China. Ethanol (99.9%) was
purchased from J. T. Baker, made in Malaysia. Hydrofluoric
acid (40%) was supplied by Tianjin Institute of Chemicals,
China. 4-MBA was supplied by Tokyo Kasei Kogyo Co., Ltd,
and was used as supplied by the vendor. Four angstrom
molecular sieves were supplied from the Dalian Institute of
Chemical Physics, Chinese Academy of Sciences, and were
heated for 4 h at 600°C in a muffle oven and then cooled in a
desiccator. Other chemicals, unless otherwise specified, were
of reagent grade and were used without further purification.
Highly pure water with resistivity higher than 18.0 MQ cm
was used in all the preparations.
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2.2. Preparation of the Micron-Sized Hollow Silver Spheres.
Molecular sieves coated with silver particles were prepared
using a modificatory method described by Saito and cowork-
ers [32]. Here, a potassium hydroxide aqueous solution
(2.6 wt%, 0.2mL) was mixed with a silver nitrate aqueous
solution (2wt%, 3mL) to form a fine brown precipitate of
Ag,0. An aqueous ammonia solution (8 wt%) was added
to the above mixture drop by drop until the precipitate
completely dissolved to form [Ag(NH;),]". Then a silver
nitrate aqueous solution was added to the mixture until
the solution became pale brown/yellow. When one drop of
ammonia solution (2wt%) caused the solution to become
transparent again, the addition of ammonia solution to the
mixture was stopped. Subsequently, 70 mg of 4 A molecular
sieves was put into the above [Ag(NH;),]" solution with
continuous magnetic stirring and left there for 5 min to make
the molecular sieves disperse uniformly over the system.
Then, formaldehyde aqueous solution (1 mL, 2 wt%) and pure
ethanol (0.5mL) were added to this mixture. This mixture
was kept at 40°C in a water bath for 1h. The reactive solid
particles were finally separated from the reaction medium
by centrifuging at 3000 rpm. After thoroughly washing with
water and ethanol, the powdered products were dried under
vacuum at room temperature for 4 h.

Due to the permeation of the acid, subsequent treatment
with dilute hydrofluoric acid could dissolve the molecular
sieve cores to obtain hollow silver spheres. Specifically, 30 mg
of Ag-coated 4 A molecular sieves was initially poured into
50 mL of 7 wt% aqueous HF solution and then mixed by hand
using the shaking motion at a frequency of 10 min~". After
standing for 1h, the hollow silver spheres were then separated
from the reaction medium by centrifuging at 3000 rpm. After
thoroughly washing with water and ethanol to remove the
excess reactants, the products were dried under vacuum at
room temperature for 4h. In order to adsorb 4-MBA on
the hollow silver spheres, the samples were immersed in an
ethanolic solution of 4-MBA (18 mL, 1 mmol L") for 1 h. After
thoroughly washing with water and ethanol to remove excess
reactants, the products were dried under vacuum at room
temperature for 4 h.

2.3. Characterization of As-Synthesized Micron-Sized Hollow
Silver Spheres. Various methods were used to systematically
analyze the composition, structure, morphology, and optical
property of the as-synthesized hollow silver spheres. Field
emission scanning electron microscope (FESEM) images of
samples were recorded with a SUPRA35 FESEM operating at
15.00 kV. Mixed 4 A molecular sieves into [Ag(NH;),]" solu-
tion, then formaldehyde aqueous solution (2 wt%) and pure
ethanol were added into this mixture, water bath for 1h. The
size distribution of the 4 A molecular sieves was calculated
with LS-100Q laser diffraction particle size analyzer. X-ray
powder diffraction (XRD) measurements were performed on
a DSADVANCE powder diffractometer over a 260 range of
5-90° at an angular resolution of 0.04°. Raman spectra were
obtained with a Jobin Yvon LabRam HR 800 micro-Raman
spectrometer equipped with a microscope (Panasonic Super
DYNAMIC). 632.8 nm laser radiation was used for excitation.
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FIGURE 1: (a) FESEM image of 4 A molecular sieves and (b) distribution of particle sizes.

FIGURE 2: FESEM image of the formation process of Ag-coated molecular sieves.

The Raman band of a silicon wafer at 520 cm™ was used to
calibrate the spectrometer.

3. Results and Discussion

3.1. Design and Surface Analysis of Reproducible SERS Sub-
strate. 'The surface completeness, morphology, and size dis-
tribution of the uncoated and Ag-coated 4 A molecular sieves
as well as the hollow silver spheres were analyzed by FESEM.
As can be seen from Figure 1(a), the typical particles of the
molecular sieves were cuboidal in shape, with their sizes
ranging from 1 to 2um. Although the surfaces of these
molecular sieves look intact and slick, actually, there are many

4 A holes on the surfaces. Further, the laser diffraction data
indicates that most of the particles are 2ym in size (see
Figure 1(b)), which is in good agreement with the FESEM
results.

Figures 2(a)-2(d) present the formation process of Ag-
coated molecular sieves. Clearly, the [Ag(NH;),]" ions that
were adsorbed on the surface of the molecular sieves were
slowly reduced, and then they acted as seeds for electroless
plating of silver, from which the interconnected Ag particles
on the external surface of the 4 A molecular sieves were
formed. Finally, a relatively continuous silver layer was
obtained. As can be seen from the FESEM image of the Ag-
coated molecular sieves and as shown in Figure 2(d), the
sizes of the coated particles were 1-3 yum and were densely
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FIGURE 3: FESEM images of (a) the hollow silver spheres and (b) the hollow silver spheres at higher magnification.

distributed with silver nanoparticles that were several tens
of nanometers in size. Following the dissolution of the core,
hollow silver spheres were obtained. As can be seen from
Figure 3, they are still approximately cuboidal in shape, with
their particle sizes ranging from 1 to 3 um. In addition,
their surfaces were quite rough, which is believed to be of
benefit for their applications in SERS-based devices. So we
concluded that the micron-sized hollow silver spheres can
be readily synthesized by using 4 A molecular sieves and
formaldehyde as the removable solid template and weak
reductant, respectively. To the best of our knowledge, this is
the first time that hollow silver spheres have been synthesized
by using low-cost and easy-removal molecular sieves as a
solid template.

As is well known, the formation of good hollow silver
spheres is correlated with the intrinsic nature of the template
and reductant used. Firstly, [Ag(NH;),]" ions can be easily
adsorbed and reduced on the surface of 4 A molecular sieves
due to their negatively charged oxygen sites. Based on this, the
surface reduction of silver ions, instead of simple deposition
after a bulk reduction, will result in the formation of a silver
layer. Also the shell structure after removal of the core can
be retained. Secondly, our previous studies have revealed
that if a strong reducing agent (such as glucose) was used,
the silver shells will be broken and the nanostructures will
aggregate once the cores are removed. This is due to the weak
link between the silver nanoparticles because the particles in
this study originated from the simple deposition after a bulk
reduction instead of successive surface reduction of silver
ions [33]. This motivated us to select formaldehyde as the
reducing agent in the electroless silver-plating process. More-
over, ammonia is used as a complexing agent to hold most of
the silver ions in solution and prevent random deposition. In
this way, a good silver layer can be obtained because of the
relatively lower difference in the redox potentials between the
reducing agent and the metal.

In order to confirm the composition of the hollow
silver spheres, XRD measurements were performed on the
D8ADVANCE powder diffractometer over a 20 range of 5-
90° at an angular resolution of 0.04°. Figure 4 shows typical
XRD patterns of the uncoated and Ag-coated 4 A molecular
sieves as well as the hollow silver spheres. Comparing line
B with line A in Figure 4, it is very clear that several new
peaks appeared. For instance, the 26 values of 38.12°, 44.38°,
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FIGURE 4: XRD patterns of 4 A molecular sieves (line A), Ag-coated
molecular sieves (line B), and hollow silver spheres (line C).

64.38°,77.46°, and 81.52° correspond to the reflections of the
{111}, {200}, {220}, {311}, and {222} crystal planes of the
metallic Ag with cubic structure, respectively. They agree well
with the standard values given by the Joint Committee on
Powder Diffraction Standards. So the fact that the surfaces
of the 4 A molecular sieves were coated by crystallized Ag
can be confirmed. Furthermore, as can be seen from the
phase analysis of the hollow silver spheres by XRD (line
C in Figure 4), only silver diffraction peaks were observed,
which indicates that pure hollow silver spheres were obtained
after the removal of the molecular sieve cores by dilute
hydrofluoric acid.

3.2. SERS Activity of the Reproducible SERS Substrate. The
SERS activity of the hollow silver spheres was evaluated
by using 4-MBA as the probing adsorbate with excitation
at 632.8 nm. Figure 5 shows the Raman scattering spectra
obtained from the dry pure 4-MBA powder (line A) and
from 4-MBA adsorbed on the hollow silver spheres (line B),
which were normalized with respect to the absolute intensity
from a silicon wafer. Clearly, significant differences in peak
positions and their relative intensities between these two
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FIGURE 5: Raman spectra of 4-MBA adsorbed on the hollow silver
spheres (line B) and dry 4-MBA powder (line A).

Raman spectra can be observed. All the peaks in line B in
Figure 5 can be attributed to the Raman signals of the 4-
MBA adsorbed on the silver substrates. According to previous
studies, the strong Raman peak at about 1589 cm™" arose
from vy, aromatic-ring vibrations, and the Raman band at
about 1081cm™ was due to v,, aromatic-ring vibrations
possessing C-S stretching characteristics; additionally, other
bands could also be assigned to proper ring modes [34]. The
SERS enhancement factors (EF) can be estimated by using the
following equation:

_ (ISERS/NSERS)
(INR/NNR) ,

where I denotes the SERS intensity of the vg, band of 4-
MBA adsorbed on the hollow silver spheres, Iy represents
the normal Raman (NR) scattering intensity of the same band
of dry 4-MBA powder, and Ngppg and Nyy represent the
numbers of 4-MBA molecules effectively excited by the laser
beam to obtain the corresponding SERS and NR spectra,
respectively. First of all, we assumed that the sampling volume
is the product of the laser spot (~2 ym in diameter) and the
penetration depth (~2 ym) of the focused beam, from which
the NR spectrum of dry 4-MBA powder was obtained (as
shown by line A in Figure 5). Since the density of 4-MBA is
L5g:cm™ and its molar mass is 154.19 g-mol ™', the number
of 4-MBA molecules effectively excited by the laser beam was
calculated to be 3.68 x 10'° (i.e., 6.11 x 10"** mol). Secondly,
the bonding density of 4-MBA molecules in a self-assembled
monolayer is ~0.5nmol-cm™* [35]. Consequently, the total
number of molecules sampled in the SERS experiments
should be 9.45 x 10° (i.e., 157 x 107" mol). Please note
that we ignore the surface roughness of the samples in
this estimation. Based on the above analysis, the intensity
ratio of the vg, aromatic-ring vibration modes in Figure 5
is 382:1, and the EF of the hollow silver spheres, estimated
by using 4-MBA as the probing adsorbate, reaches ~1.5 x
10°. This indicates that the hollow silver spheres can be
used as a better performance SERS substrate. We recall the

EF ¢))

fact that the influence of the substrate micromorphology on
optical properties is significant [36]. Thus, the most likely
explanation for the better SERS enhancement of the hollow
silver spheres is that their rough surfaces result in greater
localized field enhancement.

Finally, we have to emphasize that the valuable advantage
of our synthesis method is that no polymers or surfactants
are involved in the process, which are believed to bring
about spurious peaks and to hinder the use of SERS-active
substrates for analytical purposes. In most cases, the addition
of polymers or surfactants leads to some decrease in the
enhancement effect due to the reduced accessibility of the
particle surface, and the adsorption of various molecules
may be inhibited due to the predominant adsorption of
undesirable polymers or surfactants resulting in inaccurate
information being gathered. Despite the fact that several
cleaning cycles are needed, Velikov and coworkers have
demonstrated that the particles still contained a small amount
of protective polymers or surfactants once they were used in
particle preparations, and this significantly affected the SERS
properties of the metallic nanoparticles [27]. Furthermore,
from the application point of view, the hollow silver spheres
cost less compared to solid spheres; moreover, hollow spheres
have stronger SERS enhancement than that of Ag-coated
silica spheres [37]. In addition, the framework of the 4 A
molecular sieves was made up of tetrahedrons of SiO, and
AlO, and their surfaces consisted entirely in negatively
charged oxygen sites. So [Ag(NH;),]" ions could easily be
adsorbed and be reduced at those locations; in addition, the
various stages of pretreatment for the core material can be
omitted in this process. This is the superiority of the 4 A
molecular sieves, used as templates for constructing a silver
layer, when compared with silica particles prepared using the
Stober et al’s procedure [38]. In that case, some Si-O-C,H;
bonds remain on the surface of the silica particles owing to
the incomplete hydrolysis of the tetraethyl orthosilicate. As
a consequence, [Ag(NH;),]" ions were not adsorbed easily,
and the surface charge density becomes very low.

4. Conclusions

A new, well-designed type of micron-sized hollow silver
sphere has been synthesized and confirmed by FESEM
coupled with XRD characterization. It was found that the 4 A
molecular sieves template is an effective template owing to the
presence of many active negatively charged oxygen sites and
holes on its surface. The strongly enhanced Raman scattering
from the monolayer film of the 4-MBA probe molecules with
excitation at 632.8 nm showed that the as-prepared micron-
sized hollow silver spheres are SERS active, and the EF was
calculated to be ~1.5 x 10°. In comparison with the micron-
sized solid metal spheres, three features become apparent.
(1) No nonvolatile polymers or surfactants were used in the
preparation processes of the hollow silver spheres. (2) This
approach is easier to control than the approach for preparing
micron-sized solid metal spheres. (3) The surface charge
density is largely increased due to the use of the 4 A molecular
sieves template for constructing the silver layer. The new



hollow silver spheres were produced in a simple and cost-
effective method. They are expected to play an important role
in catalysts, fillers, engineering, and SERS-based analytical
devices. The synthetic route may become a promising option
for producing hollow metal materials.
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