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Ordered mesoporous silver superstructures
with SERS hot spots†

Xiaotong Wu,a Xiaokun Fan,b Zhen Yin,c Yanjun Liu, c Jing Zhao d and
Zewei Quan *b

We have developed a method to fabricate freestanding highly

ordered porous silver (Ag) superstructures by an ‘‘assembly-based

nanoparticle (NP) coalescence’’ method. The synthesized super-

structures have high-density mesopores periodically distributed

over the entire structure, on which a highly enhanced electro-

magnetic field was observed by electron energy loss spectroscopy.

Thus, the surface enhanced Raman scattering (SERS) signal of

Rhodamine 6G in the ordered mesopores is 8.2 times higher

compared to that in disordered porous superstructures. The results

demonstrate that these freestanding mesoporous Ag superstruc-

tures are potentially good SERS substrates.

Mesoporous metallic nanoarchitectures possess desirable physical
and chemical properties for many applications due to their large
number of functional sites, rather high carrier density and unique
plasmonic properties.1 So far, some approaches for the fabrication
of mesoporous metals and alloys have been reported such as
templating and dealloying.2 Among these approaches, soft- and
hard-templating methods are the most common techniques to
fabricate mesoporous metallic nanomaterials. By using these
templates, most metal nanostructures that can be obtained are
nanoparticle (NP) arrays, nanowire bundles, nanowire networks,
macroporous architectures and disordered mesoporous super-
structures.1b,3 Recently, high pressure compression of NP super-
lattices and post-assembly etching of binary NP superlattices have
been explored for the preparation of metallic nanomaterials with
ordered mesopores.4 Nevertheless, both approaches require either
delicate experiment setup or complex processing. Thus, it is highly

desired to develop a simple and universal method for the prepara-
tion of metallic superstructures with ordered mesopores. Among
many nanofabrication techniques, self-assembly is a simple and
versatile method by which individual colloidal NPs organize
themselves into an ordered superstructure through weak forces
(e.g., van der Waals, electrostatic attraction and steric repulsion)
upon slow evaporation of solvents.5 Using self-assembly methods,
numerous 2D superlattices or 3D supercrystals have been fabri-
cated with desired properties for a wide range of applications.6

Therefore, self-assembly based approaches are promising for the
fabrication of ordered superstructures.

Noble metal nanomaterials display unique localized surface
plasmon resonance (LSPR) when excited by light, which is
crucial for many nano-photonic applications.7 In plasmonic
nanostructures, locations with extremely strong electromagnetic
fields are known as the ‘‘hot spots’’, which are often constructed by
fabricating nanoarchitectures with sharp tips or corners, rough
surfaces, nanogaps and nanopores.8 Mesoporous metallic nano-
architectures are promising plasmonic nanostructures because of
their highly dense ‘‘hot spots’’, large surface area, and inter-
connected porous configuration, which are not attainable by other
nanoarchitectures. Herein, we report a synthetic method for the
fabrication of ordered mesoporous Ag superstructures with uni-
form pores down to the sub-10 nm regime. The superstructure was
synthesized by desorbing oleylamine (OAm) ligands from the Ag
NP assembly with inner Ag cores coalescing into a mesoporous
superstructure through thermal treatment, producing a structu-
rally stable porous architecture. This process is called ‘‘assembly-
based NP coalescence’’. Such ordered porous Ag superstructures
exhibit densely-distributed LSPR ‘‘hot spots’’ at the mesopores due
to the effective plasmonic coupling of Ag NPs, offering 8.2 times
higher SERS enhancement compared to disordered porous Ag
superstructures.

Mesoporous Ag superstructures were fabricated using spherical
Ag NPs as the initial building blocks. As shown in the TEM image
(Fig. 1A), the Ag NPs coated with oleylamine (OAm) are highly
uniform in size and shape and have an average diameter of
12.0 nm. The preparation of orderedmesoporous Ag superstructures

a School of Chemical Biology and Biotechnology (SCBB), Peking University Shenzhen

Graduate School, Shenzhen, Guangdong 518055, China
b Department of Chemistry, Southern University of Science and Technology

(SUSTech), Shenzhen, Guangdong 518055, China. E-mail: quanzw@sustech.edu.cn
c Department of Electrical and Electronic Engineering, Southern University of

Science and Technology (SUSTech), Shenzhen, Guangdong 518055, China
d Department of Chemistry, University of Connecticut, 55 North Eagleville Road,

Storrs, Connecticut 06269, USA

† Electronic supplementary information (ESI) available: details of experiments,
TEM images, SAED pattern, and SERS spectra. See DOI: 10.1039/c9cc03337h

Received 30th April 2019,
Accepted 12th June 2019

DOI: 10.1039/c9cc03337h

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 S
ou

th
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 (
SU

ST
C

) 
on

 7
/2

8/
20

19
 1

:5
9:

26
 P

M
. 

View Article Online
View Journal  | View Issue



This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 7982--7985 | 7983

includes two stages: initial assembly of Ag NPs and subsequent
thermal induced NP coalescence. In the first assembly step, Ag NPs
dispersed in nonpolar toluene were added on top of immiscible
polar ethylene glycol (EG) solvent. After controlled evaporation of
toluene at room temperature, Ag NPs transformed into thin super-
lattice films. Particularly, 0.25 mL of NP toluene solution with a
concentration of 1.5 � 10�7 M was used and assembled on 3.0 mL
of EG to form a perfect Ag NP superlattice film upon complete
evaporation of toluene solvent. The whole assembly process took
about 4 hours. In the process of thermal treatment, the glass vial was
heated at 110 1C for 10 minutes, promoting the ligand desorption
and NP core coalescence. The successful attachment of Ag NPs
without losing the original assembly structure is very sensitive to the
heating temperature (Fig. S1A and B, ESI†) and duration (Fig. S1C
and D, ESI†). Both the NP assembly and thermal treatment condi-
tions are crucial to the formation of ordered mesoporous Ag super-
structures, which is discussed in detail in the ESI.†

Typical transmission electron microscopy (TEM) and scanning
TEM (STEM) images (Fig. 1B and Fig. S2–S4, ESI†) demonstrate the
formation of freestanding ordered mesoporous superstructures of
Ag NPs. Due to new plasmonic modes of the ordered mesoporous
Ag superstructures compared to that of the discrete Ag NPs, the
solution color changes from yellow/orange to black (insets of Fig. 1A
and B), which will be further discussed below. The high magnifica-
tion STEM image (Fig. 1C) reveals that each NP seems to sit on the
interstices created by three other NPs in different layers, and these
Ag NPs locate at three kinds of horizontal positions. As demon-
strated in the schematic (inset of Fig. 1C), Ag NPs marked as green
spheres in the first layer are arranged in a hexagonal array (A). The
NPs in the second layer have two possible equivalent stacking
positions (B and C), which are marked as purple and orange

spheres, respectively. After one of these two positions is occupied
by Ag NPs in the second layer (B), the Ag NPs in the third layer
would take the other position (C). Additionally, Fig. S5 (ESI†)
presents the transition of the NP superlattice film from two to three
NP layers, in which the constituent NPs in the third layer cover the
pores formed in the two-layer film. Based on these analyses, NPs in
the superstructures should adopt a stacking sequence of ‘‘ABC’’ and
form a closed-pore superstructure. As shown in Fig. 1D and E, fast
Fourier transform (FFT) patterns of the superlattice film and
harvestedmesoporous superstructure were acquired. The decreased
interplanar spacing parameters from 13.8 nm (inset in Fig. 1D) to
12.1 nm (inset in Fig. 1E) show the thermally induced contraction of
the superstructure. Low magnification TEM images of the Ag NP
superlattice film before and after heating also confirm the structural
shrinkage during the thermal treatment process (Fig. S6, ESI†). We
speculate that the contraction of the superstructure originates from
desorption of surface ligands, which leads to a decreased inter-
particle distance and ultimately merging of the NP building blocks.
The selected area electron diffraction (SAED) pattern (Fig. S7, ESI†)
displays a powder ring feature, indicative of the absence of orienta-
tional order of atomic planes between isotropic spherical NPs in
these superstructures. To directly demonstrate the attachment
between Ag NPs after thermal treatment, a representative high
resolution TEM image of the superstructure obtained from the
two-layer superlattice film is shown in Fig. 1F. From the interfaces
between NP building blocks, the merging of adjacent Ag NPs is
clearly observed. Compared with the starting Ag NP superlattices,
this metallically interconnected architecture has improved robust-
ness and could maintain its structural integrity after ultrasonication
for more than 30 minutes.

In order to uncover the structure details of the ordered
mesoporous Ag superstructures with particular clarification of
the stacking sequence of NPs, a small piece of multilayered
superstructure was used to conduct a three dimensional (3D)
tomographic imaging analysis (Fig. 2). Two typical cross-cut slices
(Fig. 2A) identified a total number of four monolayers in the
superstructure, in which NPs in layers z1–z3 appeared to be
arranged with a stacking sequence of ‘‘ABC’’ from bottom to
top. The following layer-by-layer analyses confirm this stacking
sequence of Ag NPs (Fig. 2B). Ag NPs in all layers are arranged in a
hexagonally ordered array. The Ag NPs in layer z2 are placed in
one type of the interstices produced by the NPs in layer z1, as
evidenced by the combined images of layers z1 + z2. Similarly, the
Ag NPs in layer z3 sit on the interstices different from those in
layer z2, as seen from the combined images of layers z1 + z3.
Thus, the horizontal positions of the three layers are all different,
which are labeled as A, B and C from bottom to top, respectively.
The combination of in-plane and out-of-plane stacking features
allows us to conclude that the NPs in layers z1–z3 indeed adopt an
‘‘ABC’’ stacking pattern. It should be noted that the NPs in the top
layer can occupy either the A or B position, because NPs in the
interface are easily disturbed by the kinetics of solvent evapora-
tion. One typical tomographic slice between layer z3 and z4
(marked as z3.5) shows the thermally driven coalescence of Ag
NP building blocks, which also confirms the ultimate formation
of a mesoporous superstructure with interconnected NPs.

Fig. 1 (A) TEM image of 12.0 nm Ag NPs, and a photograph of the Ag NP
toluene solution (inset). (B) Low magnification STEM image of the ordered
mesoporous Ag superstructure, and photograph of the Ag superstructures
dispersed in ethanol (inset). (C) High magnification STEM image and the
schematic of the mesoporous superstructure showing the assembly
pattern of Ag NPs. (D) TEM image of the Ag NP superlattice film and its
corresponding FFT pattern (inset). (E) TEM image of the ordered meso-
porous Ag superstructure and its corresponding FFT pattern (inset).
(F) High resolution TEM image of the ordered mesoporous Ag super-
structure obtained from the two-layer superlattice film, and the colored
dashed lines indicate the profile of individual connected Ag NPs.
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Ag NPs have been known to have excellent plasmonic
properties.9 When they are assembled together, the coupling
between the Ag NPs can give rise to new plasmonic modes,
different from those of the isolated Ag NPs.10 In order to
examine the optical properties of the Ag superstructures, we
measured the UV/Vis extinction spectra of both discrete Ag NPs
and harvested ordered mesoporous Ag superstructures in
hexane and ethanol, respectively (Fig. 3A). The discrete Ag NPs
have a narrow intense extinction peak at 410 nm, which is
typical of the 12.0 nm Ag NPs.9a In contrast, the extinction
spectrum of Ag superstructures is quite broad. Several features
can be distinguished including a shoulder at 410 nm, in
alignment with the LSPR of discrete Ag NPs. In addition, a
clear extinction peak appeared at 520 nm, which arises from
the coupling between the NPs. To gain a deeper understanding
of the observed spectra, the electron field distribution of the
harvested mesoporous Ag superstructure was investigated
using environmental TEM equipped with electron energy-loss
spectroscopy (EELS). As clearly seen in Fig. 3B, two distinct
LSPR peaks can be observed at 2.37 and 3.00 eV, which
correspond to the two UV/Vis extinction peaks at 520 and
410 nm, respectively. Electron excitation across the whole
region of the mesoporous Ag superstructure also results in
the development of a bulk plasmon peak at 3.68 eV.9a To
further investigate the plasmonic mode of the newly generated
peak at 520 nm, an EELS mapping image was acquired at
the energy loss of 2.37 eV (Fig. 3D). Enhanced local electro-
magnetic field was clearly observed at the mesopore sites,
which could enhance the Raman signal of molecules sitting
in the pores.

The UV-vis and EELS characterization have shown that
the fabricated ordered mesoporous Ag superstructures are a
promising SERS substrate with a high density of plasmonic
‘‘hot spots’’. Therefore, we examined the SERS performance of
the Ag superstructures with ordered mesopores. The sample of
Ag superstructures was drop-coated onto a silicon wafer and
dried in air at room temperature under a stream of argon gas.
A droplet of Rhodamine 6G (R6G) aqueous solution was uni-
formly coated on target substrates. After incubation for 30minutes,
the solution was completely removed. The SERS signal of R6G
molecules was then acquired with a laser excitation wavelength of
532 nm, which matches well with the plasmonic peak of the Ag
superstructures.11 As illustrated in Fig. 4A, the SERS signal of R6G
was drastically enhanced on the mesoporous Ag region compared
to that of R6G on bare silicon wafer, where we hardly observed any
signal. Fig. 4B shows the SERS spectra of R6G molecules at
20 randomly selected positions on the ordered mesoporous Ag
substrate and they are quite reproducible in the Raman peak
positions and intensities. The spot-to-spot intensity variation of
the characteristic peak at 1359 cm�1 for the ordered meso-
porous Ag substrate was quantified and plotted in Fig. 4C. The
relative standard deviation (RSD) of 18.8% was observed, which
is likely caused by the irregular stacking of the superstructures.
In addition, we compared the SERS effects of ordered and
disordered (see fabrication details in the ESI†) mesoporous
Ag superstructures under the same measurement conditions.
The RSD of the 1359 cm�1 peak of R6G on the disordered
mesoporous Ag substrate was measured to be 25.5% (Fig. S8,
ESI†). As shown in Fig. 4D, the intensity of the characteristic
peak at 1359 cm�1 for ordered and disordered mesoporous Ag

Fig. 2 STEM high-angular annular dark field (HAADF) tomography and
stacking pattern of the ordered mesoporous Ag superstructure. (A) 3D
reconstruction (left) with two orthogonal views, and structural model of
the superstructure assembly (right). (B) Tomographic slices of three con-
stituent Ag NP monolayers parallel to the substrate, the combining images
of different layers, and the stacking pattern schematic of layer z1–z3. The
intermediate tomographic slice between layer z3 and z4 is marked as z3.5,
showing the coalescence of neighboring Ag NPs. All scale bars in
(B) represent 50 nm.

Fig. 3 Plasmonic results of the ordered mesoporous Ag superstructure.
(A) UV/Vis extinction spectra of discrete Ag NPs and ordered mesoporous
Ag superstructures. (B) EELS spectrum, (C) STEM HAADF image, and
(D) EELS spectrum image of the mesoporous Ag superstructure. Note:
(B) corresponds to the whole region of (C).
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substrates is calculated to be 1178 and 128 c.t.s., respectively.
Hence, the ordered mesoporous superstructures show 8.2 times
higher SERS signal intensity in comparison with the disordered
mesoporous superstructures.

Notice the only difference in the two types of substrates is the
pore architecture. Therefore, we attribute the high SERS enhance-
ment in the ordered mesoporous superstructure to the highly
dense plasmonic ‘‘hot spots’’ generated from the plasmonic
interaction of ordered Ag NPs, which concentrates the electro-
magnetic field at the mesopores. While in the disordered super-
structures, the plasmonic coupling is rather random and thus the
electromagnetic field enhancement is lower. This result demon-
strates that the ordered mesoporous superstructure leads to an
intensively amplified SERS signal from adsorbed molecules.

In summary, we have developed a novel method to synthesize
ordered porous Ag superstructures with high-density mesopores
periodically distributed in the entire architecture. Significant
plasmonic coupling between Ag NP building blocks occurs in
the highly porous superstructure, producing LSPR ‘‘hot spots’’ at
the mesopore sites. The ordered mesoporous Ag superstructures
exhibit strong SERS intensity of R6G that is 8.2 times higher than
that of the disordered mesoporous superstructures, enabling their
higher sensitivity in SERS detection. Furthermore, this ‘‘assembly-
based NP coalescence’’ approach could also pave the way for
creating periodically porous nanostructures of other materials
towards achieving preferable properties.
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10 C. Sönnichsen, B. M. Reinhard, J. Liphardt and A. P. Alivisatos, Nat.
Nanotechnol., 2005, 23, 741.

11 S. Cong, Z. Wang, W. Gong, Z. Chen, W. Lu, J. R. Lombardi and
Z. Zhao, Nat. Commun., 2019, 10, 678.

Fig. 4 SERS study of R6G molecules coated on mesoporous Ag super-
structures. (A) Corresponding SERS spectral mapping on ordered meso-
porous Ag substrate and silicon wafer with the R6G concentration of 10�5 M.
(B) SERS spectra of R6G molecules with the concentration of 10�6 M at
20 different positions on the ordered mesoporous Ag substrate. (C) Spot-to-
spot intensity variation of the characteristic peak at 1359 cm�1 in (B). Note: the
red line represents the averaged intensity of 20 spectra. (D) Measured SERS
spectra of R6G molecules with a concentration of 10�6 M on ordered (S1) and
disordered (S2) mesoporous Ag substrates.
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