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ABSTRACT: Construction of superstructures with control-
lable morphologies from NPs is of great scientific and
technological importance. A one-step method for simultaneous
synthesis and assembly of Ag NPs to three-dimensional (3D)
nanoporous superstructures is demonstrated. By varying the
adsorption time of Ag precursors, an array of well-defined Ag
superstructures with different morphologies are harvested. A
“hot spot”-rich substrate for surface-enhanced Raman spec-
troscopy is established, which exhibits high sensitivity in trace
detection of molecules. It is believed that the presented 3D
nanoporous Ag superstructures hold great potential for various
uses, such as novel multifunctional sensing and monitoring
chips or devices.
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1. INTROCUTION

Organizing nanoparticles (NPs) into hierarchical three-dimen-
sional (3D) superstructures is a prevalent topic in science.1−3

Architectually well-defined metal superstructures are vital to
explore their remarkable collective properties and eventually to
transform nanoscale science into applicable nanotechnology.4−7

However, the achievement of metal superstructures and the
controlling of their morphological diversity are still at an
elementary level. First, as-prepared NPs with precise sizes and
shapes, which dictate the overall superstructure design, are
usually needed.6,7 Second, most of the reported methods
usually take two steps and need complex operating procedures
or strict experimental conditions or precise control that
seriously limit the quality, quantity, and reproducibility of
such superstructures.4,5,8 Furthermore, there are only a few
methods for fabrication of 3D nanoporous superstructures,
which is desirable for more applications in catalysis,
optoelectronics like surface-enhanced Raman spectroscopy
(SERS), sensing, etc.9−11 It is therefore still a challenge to
establish a simple, robust, and easily-operated self-assembly
method to generate 3D nanoporous metal superstructures.
SERS in particular has drawn significant attention due to its

capability to dramatically enhance the Raman signals. It has
been intensively studied for decades as a promising strategy for
potentially enabling the label-free detection of small bio-
molecules at low concentrations and even allows single-

molecule level detections.12−14 The key factor for ideal SERS
substrates is the amount of electromagnetic “hot spots”, a point
with a strongly enhanced local field, which allows extremely
sensitive SERS detection.14

Here, we report a one-pot approach for simultaneous
synthesis and self-assembly of Ag NPs to micrometer-sized
Ag superstructures in the presence of polymer brushes. The
shapes of Ag superstructures can be tuned by adjusting the
fabrication condition. The Ag superstructures consisted of
heterogeneous NPs exhibit nanoporous and networking
architectures with the size of about 50 nm in three-dimension.
A novel 3D hot spot-rich SERS substrate is established based
on the nanoporous superstructures. SERS shows that the
prepared 3D nanoporous Ag superstructures exhibit high
sensitivity in trace detection of molecules.
Polymer brushes, as the nanoscale assemblies of macro-

molecules by one end to substrates15,16 with excellent
physicochemical properties, are promising as the versatile and
favorable substrate or matrices for generating NPs.8,9,15,17−20

Here, we first report about synthesis and assembly of NPs to
generate 3D nanoporous superstructures on polymer brushes in
one step, as shown in Figure 1.
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2. EXPERIMENTAL SECTION
2.1. Materials. Styrene (99%, Alfa Aesar) was purified by neutral

Al2O3 column and dried with a 0.4 nm molecular sieve at room
temperature. 3-Aminopropyltriethoxysilane (APTES, 98%, Alfa Aesar),
Al2O3, AgNO3 (99.8%), NH4OH (25%), H2O2, 1,2-dichloroethane,
acetic anhydride (98.5%), concentrated sulfuric acid, anhydrous
ethanol, ethyl acetate, and NaBH4 were obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China). All were used as received
without further purification.
N-doped, (100)-oriented silicon wafers solid substrates were used.

Silicon wafers were cleaned in a mixture of H2O2/H2SO4 (1:3, v/v) at
80 °C (“piranha solution”) for 2 h, washed thoroughly with Milli-Q-
grade water, and dried in a stream of N2 before APTES deposition.
(Caution: Piranha solution reacts violently with organic matter!).
2.2. Polymer Brush Synthesis. Initially, homogeneous polymer

brushes were prepared on flat silicate substrate. A freshly prepared
OH-terminated silicon substrate, which was treated with fresh piranha
solution, was immersed in a 5% APTES anhydrous toluene solution
and sonicated for 30 min. Then, APTES molecules were attached as
linker molecules via a silanization reaction. With the amino group
pointing toward the outer interface, this structure offered activity sites
for grafting polymer brushes by self-initiated photografting and
photopolymerization (SIPGP) of styrene or other vinyl monomers.
After thorough cleaned and dried by nitrogen, the APTES-function-
alized silicon substrate was submerged in bulk styrene and irradiated
for 1.5 h with an UV-light lamp with the spectral distribution between
300 and 400 nm (λmax = 350 nm) for the SIPGP. Then, sulfonation of
polystyrene (PS) brushes after all phsiadsorbed polymer molecules
were carefully removed by ultrasonic irradiation in several solvents of
different polarities, dried in a jet of nitrogen. The method for
sulfonating PS brushes accords to previous report.21

2.3. Ag Superstructure Preparation. Finally, as shown in the
Scheme S1b, when the as-prepared poly(styrene sulfonic acid) (PSSA)
brushes were immersed in the slightly alkaline Tollens reagent (1 mM,
10 mL) for different time, the positively charged [Ag(NH3)2]

+ was
adsorbed to the negatively charged PSSA brushes via ion-exchange and
electrostatic interaction. After rinsing with an amount of water to wash
away unstable adsorption ions, the substrate was treated with a freshly
prepared ice aqueous solution of NaBH4 for 10 min to fabricate silver
superstructures.
2.4. Preparation of Samples for SERS Measurements. SERS

substrates were prepared by immersion of the different samples in
R6G aqueous solution for 3 h. Afterward, the samples were cleaned
repeatedly with ethanol to remove the nonadsorbed R6G molecules.
Raman spectra were recorded after the evaporation of ethanol.
2.5. Characterizations. Atomic force microscopy (AFM) images

were taken by a multimode AFM (Being Nano-Instruments, Ltd.)
operating in the tapping mode using silicon cantilevers (spring
constant: 3−40 N m−1, resonant frequency: 75−300 kHz). In order to

verify the formation of (3-aminopropyl)triethoxysilane (APTES) and
polymer brushes layer, attenuated total reflectance infrared (ATR-IR)
spectra were recorded. X-ray photoelectron spectroscopy (XPS) was
performed using the AXIS ULTRA DLD spectroscope (Kratos
Analytical Ltd., Manchester, UK).

The scanning electron microscopy (SEM) images, which were
obtained by using the field emission scanning electron microscope
(SU-70) equipped with an energy dispersive X-ray system, were used
for determining the morphologies of the Ag superstructures.
Transmission electron microscopy (TEM) was recorded by a
transmission an electron microscope (JEM-2100F, accelerating voltage
of 200 kV). TEM samples were prepared by dropping a diluted
aqueous solution of superstructures onto carbon-coated copper grids
and dried in air. X-ray diffraction (XRD) by carrying out on a Rigaku
D/max-RA X-ray diffraction meter using Cu Kα radiation (λ = 1.5418
Å). UV−vis absorption spectra of the samples were recorded using a
Lambda 950 spectrophotometer (PerkinElmer). Spectrum was
recorded by drying the superstructures dispersion onto a quartz
substrate. A clean quartz wafer was used as the background.

SERS spectra were measured with a confocal microscope (Renishaw
in Via Reflex). A laser with a wavelength of 532 nm and a power of 120
μW was focused on sample surface with a spot size 1 μm in diameter
and the Raman signal was collected during an integration time of 1 s.

3. RESULTS AND DISCUSSION

As illustrated in Figure 1, we first prepare PSSA brushes.22,23

Then immersing the PSSA brushes in the [Ag(NH3)2]
+

solution for different time results in different adsorption
amount of [Ag(NH3)2]

+ precursors on the PSSA brushes. The
morphology controllable Ag superstructures are produced on
polymer brushes after reduction of adsorbed precursors by
NaBH4 in one step, as shown in Figure 1b.
ATR-IR spectra are performed to confirm the successful

synthesis of the organic layer on the substrate (Figure S1). The
CH and NH stretching modes found in the ATR-IR spectrum
confirm the successful synthesis of the organic layer on the
substrate. Two dominant vibrational modes are found at
around 1575 and 1485 cm−1 in the spectrum of APTES, which
were assigned to the amino groups.24 Several characteristic
stretching vibrational bands are observed in the spectrum of PS
brushes, such as C−H at around ν = 3025 cm−1 and C−C at ν
= 1445, 1490, and 1599 cm−1.22,24 The successful silanization
reaction of 3-aminopropyltriethoxysilane and polymerization of
monomers, and the sulfonation of the PS brushes are also
demonstrated by X-ray photoelectron (XPS) spectra (Figure
S2). For the PSSA brushes, C 1s and O 1s peaks are visible at
around 285.0 and 532.0 eV, respectively. The N 1s peak at
400.0 eV is attributed to NH2 terminal groups of APTES layer.
The S 2s and S 2p peaks centered at 229 and 164 eV,
respectively, are assigned to the aromatic sulfonic acid group of
PSSA. Additionally, AFM characterization is done to investigate
the thickness of the PS brushes. In Figure S3, before the AFM
characterization, the brushes surface is scratched with a metallic
needle gently in order to locally remove PS brushes layer and
leave the hard silicon substrate intact. The border of the scratch
is imaged by AFM and analysis of the height difference between
the intact and the scratched surface areas gives the thickness of
the brush layer approximately 60 nm. As the trace is scratched
very gently, the real thickness of the polymer brushes should be
large than 60 nm and the AFM image also suggests that the
polymer brushes is very uniform and dense without obvious
defects.
The as-prepared polymer brushes here are considered as the

excellent “reactors” for the synthesis and assembly of silver
NPs. Figure 2a and b shows the SEM images of the sample

Figure 1. Schematic illustration of the procedures for synthesis and
sulfonation of polymer brushes (a) and preparation of silver
superstructures with controllable morphologies (b).
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C30. (C30 is referred to the sample fabricated on the polymer
brushes with [Ag(NH3)2]

+ ions adsorption for 30 min, and
reduction using NaBH4 solution for 10 min). During the
adsorption procedure, the [Ag(NH3)2]

+ precursors can be
adsorbed in the matrix of polymer brishes. After reduction,
extensive particles with the size of about 3−5 μm can be
observed in Figure 2a at low magnification. Typical shaped
surface is also seen clearly. At higher magnification in Figure 2b,
the SEM image of three typical particles indicates that they are
tetrakaidecahedron (the inset of Figure 2b) and exhibits
obvious 3D feature. Fine details of tetrakaidecahedral Ag
particles show that they consist of much smaller and
heterogeneous NPs and exhibit nanoporous structures with a
size of about 50 nm (Figure 2c), and this suggests that Ag
superstructures with 3D complex structures and architecture
are generated successfully through a route of simultaneous
synthesis and assembly of Ag NPs. Nanoporous structures are
clearly seen in the typical SEM image of one broken particles
(Figure S4). Furthermore, the building blocks of Ag NPs are
observed to be connected to each other, exhibiting networking
architecture. The generation of Ag superstructures is also
confirmed by the transmission electron microscopy image
(Figure S5). The formation of Ag superstructures is further
characterized by XRD (Figure 3a). The XRD pattern of Ag
superstructures shows obvious peaks corresponding to the
(111), (200), (220), and (311) diffraction peaks of fcc Ag,
which confirms that Ag superstructures exist in crystalline state.
To investigate the composition of the superstructures, the
energy dispersive spectrum (EDS) (Figure 2d) and XPS
spectrum is given (Figure S2). The obvious Ag peaks in the
EDS and Ag XPS peaks at 374.2 (Ag3d3/2) and 368.2 eV
(Ag3d5/2) in XPS evidence the presence of the Ag structures.25

Furthermore, the difference between the doublets of Ag 3d
electronic state of 6.0 eV suggests the presence of Ag0 in the
fabricated Ag superstructures, consistent with the XRD
analysis.25 A strong absorption peak at around 429 nm can
be observed in the absorption spectrum, as displayed in Figure
3b, which is assigned to the surface plasmon resonance of Ag
superstructures.
To further study the forming process of the Ag super-

structures, we first exploit the impact of the time of
[Ag(NH3)2]

+ adsorption on the resultant structures with the

time set to be 3, 5, and 45 min with the corresponding products
named as C3, C5, and C45, respectively. The reduction time is
about 10 min in all cases. Extensive micrometer-sized
superstructures are also observed in Figure 4a, c, and e at
low magnification. The typical high resolution SEM images of
C3 (b), C5 (d), and C45 (f) in Figure 4 reveal that

Figure 2. (a, b) SEM images of C30 at different magnifications. (b,
inset) Typical model of ideal tetrakaidecahedral particle. (c) High
resolution SEM image. (d) EDS of Ag superstructures, the area
donated by the red square in part b.

Figure 3. (a) XRD pattern of C30 and silicon and (b) absorption
spectrum of C30.

Figure 4. SEM images of Ag superstructures of (a, b) C3, (c, d) C5,
and (e, f) C45.
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superstructures possessing diverse geometric features with 3D
heterogeneous architectures can be generated by adjusting the
adsorption time of [Ag(NH3)2]

+. The Ag superstructures of C3
exhibit nearly spherical shape with nonuniformly rough surface
(Figure 4b). For C5 (Figure 4d), 14 faces can be determined,
which can be referred to be truncated octahedron with the
typical corners of octahedron cut (namely corner-truncated
octahedron). Additionally, the edges, pointed by the red arrows,
are not intact, appearing like an etched zone and distributing
symmetrically. Increasing the adsorption time to 30 min results
in shape evolving to tetrakaidecahedron (Figure 2b).
Furthermore, the morphology of Ag superstructures can be
converted from tetrakaidecahedron (C30) to well-defined
octahedron (C45, Figure 3f).
Switching the reducing agent NaBH4 to glucose, super-

structures are also generated (Figure S6). However, these
superstructures are nearly spherical with significantly rough
surfaces, and no featured geometric shapes are seen; Ag
particles are closely packed together in the superstructures
(inset of Figure S6). The size of the Ag particles consisting of
the superstructures is much larger than that of C30. Therefore,
these results indicate that the reducing agents influence the
resultant morphologies. The different resultant morphologies
may stem from the different reduction rate using different
reducing agents. The reduction rate is much faster with NaBH4
as the reducing agent than that with glucose and more Ag NPs
could be produced simultaneously, which results in smaller Ag
NPs constituting the superstructures. With glucose as the
reducing agent, the reduction rate of Ag precursors is very slow
and this leads to growth of Ag NPs, generating larger ones,
which was confirmed by the SEM images (Figure S6). As a
result, the Ag NPs are too large to form superstructures with
well-defined surfaces.
There are intensive investigations about fabrication of

superstructures through the assembly of NPs, originating
from a variety of interparticle interactions including van der
Waals (vdW) force, dipole−dipole interactions, electrostatic
forces, entropic effects, and other interactions.1,26,27 However,
unlike most previous reports, in which presynthesized NPs
were adopted for the assembly, the synthesis and assembly of
Ag NPs are simultaneous here. Furthermore, the Ag super-
structures show nanoporous and networking architectures.
Herein, when the substrate containing [Ag(NH3)2]

+ is
immersed into the NaBH4 solution, numbers of small Ag
NPs can be produced in short time. These Ag NPs may
assemble into superstructures with controllable morphologies
through “oriented attachment”, which can be assisted by the
interaction of Ag NPs and organic molecules constituting of the
polymer brushes via electrostatic assembly and under energy
gain, thus creating extended 3D nanoporous superstructures
(Figure 2c).9,28−34 Furthermore, increase of adsorption time
will increase the amount of adsorbed [Ag(NH3)2]

+ and
subsequently increase the Ag NPs.35 The appropriate ratio of
[Ag(NH3)2]

+ or NPs to organic molecules is suggested to
control the morphology, which may be determined by an
energy-stabilization process.10,11 In addition, using the glucose
as the reducing agent, the formed Ag NPs may be too large to
be arranged into a well-defined superstructures with oriented
attachment and/or electrostatic assembly. More work about the
production mechanism of Ag superstructures is in progress.
As displayed in Figure 2, the 3D nanoporous and networking

superstructures contain many nanogap and connected nano-
scale channels. The nanogap-rich Ag superstructures can

generate strongly localized and high-density hot spots on the
whole superstructures to increase SERS enhancement fac-
tor.11,14,36,37 To test the Raman enhancing capability, an
aqueous solution of Rhodamine 6G (R6G) with different
concentration is applied to the 3D SERS substrates (C30), and
Raman spectra are recorded. As shown in Figure 5a, the

characteristic peaks at 613, 772, 1182, 1362, 1510, 1574, and
1650 cm−1 assigned to R6G are generally in agreement with
those reported previously.38 When the concentration of R6G is
even as low as 10−12 M, obviously enhanced Raman peaks can
be observed, and a curve of concentration dependent SERS
intensity (1510 cm−1) is also provided in Figure S7.39,40 We
also compare the Raman-enhancing capability of 3D super-
structure to that of Ag NPs by deposition Ag NPs on the PSSA
brushes surface (namely “2D”, as shown in Figure S8) and that
of pure polymer brushes. Figure 5b indicates that the 3D SERS
substrate (10−6 M R6G) provides much higher SERS signal
than 2D Ag substrate (10−5 M R6G). No visible Raman peaks
of R6G can be observed on the pure polymer brushes. These
results indicate that 3D superstructures are an effective SERS
substrate. The ultrahighly sensitive detection ability and the
SERS intensity difference between 3D SERS substrate with 2D
SERS substrate mainly results from high density hot spots of
the 3D superstructures.36,37 The performance of a SERS
substrate is determined by two major factors, i.e., the
enhancement factor and the number of probed molecules
within a detection volume.14,41,42 High density hot spots from

Figure 5. (a) Raman spectra with different concentrations of R6G
adsorbed on superstructures. (b) Raman spectra of 10−6 M R6G on
3D superstructure-based substrates and 10−5 M on 2D Ag nanoparticle
and polymer brushes substrates.
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Ag 3D superstructures increase the areal density of hot spots
within a detection volume. Thus, SERS enhancement factor
and the number of probed molecules within a detection volume
are increased. In addition, compared to 2D SERS substrate, 3D
nanoporous structures provide a large specific surface area to
interact with analytes, and the ease for the analytes to access the
surfaces of AgNPs.14,42

4. CONCLUSION

In conclusion, we have developed a novel route to 3D Ag
superstructures with controllable morphologies on polymer
brushes. The synthesis and assembly of Ag NPs are achieved
simultaneously. Remarkably, the superstructures exhibit com-
plex 3D nanoporous and networking features. We propose that
the simultaneous synthesis and assembly process results from
the oriented attachment of Ag NPs, facilitated by a layer of
polymer brushes. The assembly procedures described here may
thus give access to a wide range of metal superstructures with
tunable morphologies. 3D nanoporous Ag superstructures hold
high promise for extensive applications, such as 3D trace
detection, sensors, and photocatalysis.
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