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Abstract: A novel surface enhanced Raman spectroscopy (SERS) substrate was fabricated via a simple galvanic

displacement reaction, where large scale of silver dendritic were uniformly and symmetrically formed on anodic

aluminum oxide (AAO) membrane. The morphology, distribution and density of these silver dendritic films could

be tuned easily just by controlling the reaction time as well as the concentration of AgNOs;. Such active SERS

substrate exhibits extremely high sensitivity, excellent reproducibility and good stability. Raman signal sensitivity

for rhodamine 6G (R6G) was tested as low as 1x10™"" mol-L™". Additionally, the as-synthesized robust substrate

displays good stability under an ambient condition for several months. This 3D eco-friendly AAO membrane

based substrate provides not only high density of SERS hot spots, but also a very large area for capturing target

analytes. It has potential applications for the detection of trace organic contaminants in the environment.
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0 Introduction

Surface enhanced Raman spectroscopy (SERS), a
highly sensitive and convenient analytical method,
which

information. It has been intensely researched for many

could provide rich fingerprint structure
years in the fields of medicine, analytical chemistry,

surface science, and so on'"¥. To date, a number of

ks B .2017-11-28, YofEBchE H 1 .2018-01-10,

nanostructures (Au, Ag) have been fabricated as SERS
substrates for acquiring remarkable SERS signal enha-
ncement, especially the structure of gold?, silver!
and copper!”. Among them, the performance of silver
is best, due to their unique electrical and tunable
(LSPR) prop-

erties. So silver nanostructures with various morp-

localized surface plasmon resonance

hologies are studied, such as roughened plasmonic
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nanoatrays™, nanorods''”, core-shell nanostructures! ",
Ag  nanowires™,  dendrites"'®,  Ag nanosheets!”,
“flower like” nanoparticles™", Ag nanocubes™ and
other complex hierarchical structures'.

Among all these substrates, silver dendrites have
received considerable attention, because of their
multilevel generations of branches with self-similarity
and periodic arrangement which can increase the
specific surface area and generate many spots with
huge coupling effect (so-called as “hot spots”)™ . So
a lot of promising dendritic Ag structures acted as SERS
substrates have been developed and used for various
applications. For instance, Wang et al.'™ detected 2-
MBT using a silver dendrites formed by a self-
assembled fabrication approach with a detection limit
of 10™ mol -L". Hu et al.”™ prepared an ultrastable
SERS substrates based on Ag dendritic nanostructures
coated with silica nanofilm, which possessed signifi-
cant potential for rapid, sensitive and quantitative

1 synthesized

detection of organic molecules. Zuo et al.
ordered Ag nanodendrite cluster arrays to detect
rhodamine 6G with the concentration as low as 10
pmol -L . Meanwhile, they examined their SERS-
sensitivity to thiram with a limitation to 10~ mol -L.™".
However, it is still a challenge to prepare a SERS
with  high

reproducibility for trace detection of target molecules

substrate sensitivity, stability, and
at the same time.

Herein, silver dendritic films with large covering
densities have been synthesized based on anodic
aluminum oxide (AAQO) membrane by a simple galvanic
displacement reaction. This method was conducted at
room temperature preparation without using any
surfactants. The morphology, distribution and density
of these silver dendritic films could be tuned easily
just by controlling the reaction time as well as the
concentrations of AgNO;. Using these silver dendritic
films as SERS substrates, Raman signal of rhodamine
6G  (R6G) with different concentrations can be
obtained due to numerous hot spots on the substrates.
The limits of detection (LOD) for R6G could be reached
10™ mol - L', Moreover, a good reproducibility and

stability can be also obtained for this SERS substrate,

indicating a promising application for SERS detection.
1 Experiment

1.1 Materials

Silver nitrate (AgNO;, ACS, 99.9%) was purch-
ased from Alfa Aesar. AAO membrane was supplied
by Whatman International Corp. All chemical reagents
were analytical grade and wused without any
purification. All glass containers were rinsed with
aqua regia (Vyq'Vyno,=3°1) before used, and then rinsed
with ultrapure water (the resistivity of 18.2 M{)-cm™,
Millipore) several times.
1.2 Synthesis of silver dendritic thin film

For the preparation of silver dendritic thin film,
the bottom side of AAO membrane was firstly sputter-
deposited with thin copper film of 500 nm through
thermal evaporator. Subsequently, silicon wafer, AAO
(sputtered with Cu membrane), O ring, and a teflon
cell were assembled into the above reaction device
which was sealed to avoid the overflowing of reaction
(Fig.1a). Finally, AgNO; (5 mL,

0.1 mol L") was added into the reaction device slowly,

solutions by clamps

and then AAO was taken out 10 minutes later. It was
obvious that the upper side of the AAO was changed
into silvery white, indicating the occurrence of silver
dendritic thin film. The samples were washed with
ultrapure water for several times, and then dried at
room temperature for 24 h. In order to obtain the
optimal morphology and distribution of dendritic silver
films, controlled experiments were conducted by
changing the reaction time and the concentrations of
AgNO;, respectively.
1.3 Characterization

The distribution, size and morphology of the
synthesized silver dendritic thin film were character-
ized by a scanning electron microscope (SEM, Tescan
MIRA 3LMH, U=15 kV, I=10 mA), a transmission
electron microscope (TEM, JEOL 2100F, U=120 kV)
and a high resolution TEM (HRTEM, JEOL 2100F,
U=200 kV). X-ray diffraction (XRD) data of the as-
prepared samples were recorded from a Bruker D8
focus diffractometer with Cu Ka source (A=0.154 16
nm). The scanning angle range (26) is from 30° to 80°
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with scanning speed of 1° +min~". The corresponding
working voltage and current were 40 kV and 40 mA,
respectively.
1.4 SERS measurements

For SERS measurement, the samples were prep-
ared by drop-casting 0.1 mL of 10 mol -L.™" rhoda-
mine 6G (R6G) solutions onto the silver dendrite-
integrated AAO membrane and dried in atmosphere.
The samples were rinsed with ultrapure water for
several times and dried in dark at ambient condition
again. Bare AAO membrane with 500 nm Cu film was
also immersed in 10 mol L. R6G solution for comp-
arison. The Raman scattering measurements were
conducted on a confocal microprobe Raman system
(Renishaw invia) through a 50 L Xobjective, and the
excitation wavelength was 785 nm with a power of 9
mW. The total acquisition time was 10 s for each

spectrum.

(a)

O 1iNG ey
AAO sputtered with
Cu membrane

2 Results and discussion

2.1 Structure and characterization
The size and morphology of AAO membrane used
in Fig.S1A

(Supporting Information). The diameter of the inner

in the experiment could be seen
pores was about 200 nm, and the thickness was ~60
pwm. Fig.S1B shows the bottom side of the AAO
membrane, sputtered with 500 nm Cu films. In the
experiment, the aqueous silver nitrate contacted with
the Cu layer through the inner pores of AAO membrane
(inset in Fig.STA), and then silver dendritic thin film
was obtained by growing through the inner pores.
When the concentration of AgNO; was 0.1 mol -
L™ with reaction time for 10 min, SEM images of the
products reveal the 3D networked dendritic silver
nanostructures on the upside of AAO membrane (Fig.

1 (a)). It can be seen that the large scale of dendritic

Fig.1 (a) [lustration of the growth device of silver dendritic thin film; (b~e) SEM images of the silver dendritic

thin film with different reaction times of ('b) 1 min (¢) 5 min (d) 10 min and (e) 1 h
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samples are formed into a thin film above the AAO
membrane with a fairly high rate of coverage. The
length of the main trunk is about 20 pwm while the
length of the average side branches is around 5 pm.
SEM image in Fig.1(b) is a main branch of the dendritic
structure in Fig.1(a), which also confirms that these
silver dendrites are well defined, uniform and ordered
with pronounced trunk and smaller branches on both
sides of the trunk. Moreover, these sub-branches align
with an angle of ~60° to the main branches, showing
a symmetrical structure.
The morphology and structure were further
confirmed by TEM, selected area electron diffraction
(SAED) and XRD (Fig.2(a~f)). The Dark field TEM
images and SAED illustrate the crystalline nature of
the silver dendrites (Fig.2(c~d)). The SAED patterns
was recorded from a tip of a small branch, showing
regular hexagonal diffraction spot array. The crystal

orientation and growth direction of the silver dendrite

can be obtained, indicating that the whole dendrite is
a single crystal represented by facets. Further insight
into the Ag dendrites has been obtained by HRTEM
images (Fig.2(e)), which consists of the tip area of the
main branch. The results show that the distance
between the lattice planes is 0.204 nm, which is in
agreement with d spacing of face centered cubic ( fec)
structures (PDF No.87-0597). Fig.2(f) illustrates the
XRD pattern of silver dendritic films adsorbed on the
AAO membrane, also confirming the crystalline nature
of the products. The peaks at 38.3°, 44.3°, 64.4° and
77.5° are obtained, corresponding to the (111), (200),
(220) and
confirms the presence of face centered cubic pattern
(PDF No.87-0597) ™. The peak at 38.3° corre-
(111) plane is found to be of high

intensity compared to other planes, indicating that the

(311) crystal plane respectively, which

sponding to

silver dendrites preferentially grows along the (111)

plane.

500nm

Fig.2  Silver dendritic thin film prepared at 0.1 mol-L™ of silver nitrate (aqueous) for 10 min; (a) SEM images;
(b) TEM images; (c) Dark field TEM images; (d) Selected area electron diffraction (SAED) pattern;
(e) HRTEM image; (f) X-ray diffraction (XRD) pattern

2.2 Time evolution study

It is known that a strong anisotropic growth
contributes to the evolution of silver nanostructure
into a thermodynamic stable dendritic structure”.
However, it is difficult to predict the reaction time for

the formation of dendritic structure. In order to study

the influence of the reaction time, the growth of
dendritic silver films was carried out at reaction times
ranging from 1 min to 3 h, with a constant AgNO;
concentration of 0.1 mol -7 As the reaction time
ranging from 1 min to 3 h, the rate of coverage on the

AAO membrane becomes higher (Fig.S2), while the
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coverage 1is still very high especially when the
reaction time is 1 min. As shown in Fig.3, when the
reaction time is very short (I min), the growth process
is dominated by a nonequilibrium condition®, so silver
dendritic  structures are always formed with broken
branches, and the thickness of these branches is
small. Moreover, some distinct silver nanoparticles
can be found around the defective dendritic products,
indicating the nanoparticle aggregation based growth.
By 5 min, the crystals have developed into well-
defined dendritic structures. During this period, the
tips of the main trunk start to divided into some
smaller branches (Fig.3(c)). High-magnification SEM
image in Fig.3(d) is a smaller trunk in Fig.3(c), which
indicates the appearance of secondary branches. As
the growth process extend to 10 min, the morphology
of the dendrites gradually develop to unbroken
structure, and the branches on trunks arrang more
symmetrically. After 1 and 3 h, the length of trunks
increase and more secondary branches appeared,
which indicates the transform process from quasi-
equilibrium to equilibrium conditions. It is noteworthy
that tertiary branches came into being on secondary
branches (Fig.3(e~h)). Many silver nanoparticles adsorb
on the tertiary branches, which can be seen in Fig.3
(f). Moreover, the tertiary branches and silver nano-
particles on them start to fuse together, and the
surface of the dendritic structures became smooth,

which is thermodynamically stable. The relationship

500nm

between morphological evolution and SERS signal
were investigated, in which the AAO-based dendrites
obtained at 1 h reaction time show the best SERS
sensitivity (Fig.S3).

The growth process above could be explained by
a diffusion limited aggregate mechanism™. It is
illustrated that the formation of the dendritic structure
is based on the asymmetric growth of silver nano-
particles. At the beginning stage, the growth rate of
dendrites is controlled by the rate of Ag* diffusion to
the interface. After the galvanic displacement reaction,
Ag* converts into Ag nanoparticles, and then silver
nanoparticles start to grow along the (111) direction,
due to the growth process is more prone to along the
(111) direction to form a trunk. As the growth process
continues, more and more silver nanoparticles are
formed, and these additional silver nanoparticles move
randomly to a low energy position and attach to the
silver trunk. Moreover, these attach silver nano-
particles grow still along the (111) direction, further
resulting in the secondary and tertiary branches.
Lastly, all the prepared trunks, branches grow and
interconnect to each other finally, and a whole silver
dendritic structure is formed when the growth process
take place repeatedly.
2.3 Effects of AgNO; concentrations

The morphology of a crystal structure is affected
by the relationship between the growth condition and

the equilibrium state, such as the driving force for

200nm

% Sum

(a, b) 1 min; (c, d) 5 min; (e, f) 1 h; (g, h) 3 h; Concentration of silver nitrate is 0.1 mol - L

Fig.3 SEM images of the silver dendritic thin film with different reaction times
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crystallization. For the syntheses of the silver dendritic
films in this case, the driving force depends on the
degree of supersaturation. Higher concentration of Ag*
can enhance the reaction rate greatly, leading to huge
changes in the morphology and distribution of silver
dendritic films. Therefore, a series of AgNO; concen-
trations were selected to investigate their effects to the
formation of silver dendrites. Fig.4 illustrates the
growth process of silver dendrites at various concen-
trations  (0.01, 0.05, 0.1, 0.5 mol -L.™) for a reaction
time of 10 min, and a drastic change is observed.
When the concentration of AgNO; was 0.01 mol -
L, only many dispersive silver nanoparticles were
obtained without any appearance of dendritic nanos-
tructures, indicating that low concentration can led to

incomplete morphologies. As the concentration added

to 0.05 mol :L7!, a broken dendritic silver nanostru-
cture appeared with some imperfect branches, indica-
ting that a higher concentration can promotes the
transition from incomplete structure to dendritic
growth. By 0.1 mol-L™, a whole dendritic sample can
be formed with symmetrical branches. However, higher
concentration will not be helpful for the controllable
formation of silver dendritic structures due to too fast
reaction (Fig.4(d)). Although the morphology of the
still ~ dendrite, the

thickness of the trunk and branches are very large

silver structure is however,
with many huge silver nanoparticles on the surface.
This experiment indicates that a silver dendritic

be

obtained just by controlling the concentration of silver

structure  with  well-defined morphology can

nitrite in the solution.

(a) 0.01, (b) 0.05, (c) 0.1 and (d) 0.5 mol - L; Reaction time for each concentration is 10 min

Fig.4 SEM images of the silver dendritic thin film with different concentrations of AgNO;

2.4 SERS activity, stability and reproducibility
In order to study the SERS properties of the
dendritic silver thin films adsorbed on AAO membranes,
R6G  with different concentration were utilized as
probe molecules. The Raman spectra  (Fig.5a) show the
major vibrational peaks of R6G at 613, 776, 1 185,
1312, 1364, 1 511, 1 576, and 1 651 cm™, which
are attributed to the plane bending of C-C-C ring, out-
of-plane bending of the hydrogen atoms within the

xanthene skeleton, C-C stretching vibrations, and the

aromatic stretching vibrations™

, respectively. It is
notable that the ultrasensitive molecular sensing for
R6G is as low as 10™ mol -L™". The inset shown in
Fig.5(a) shows the intensities of representative band at
1 364 cm™ against the logarithmic concentration of
R6G. It is noteworthy that the R6G molecules present
a good signal-to-noise ratio, even for the concentra-

tions down to 107" mol -L7!, and the distinctive and
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Fig.5 (a) SERS spectra of R6G with different concentrations on the silver dendritic thin film (from 10 to 107" mol-L™),

(inset Plot of signal intensity of R6G at 1 364 cm™ versus logarithmic R6G concentration); (b) SERS spectra of
RO6G adsorbed on the silver dendritic thin film with different exposure time (from 0 to 180 days); (¢c) SERS spectra
of R6G randomly recorded at 50 positions from prepared SERS substrates, the inset shows the SERS intensity maps
at the band of 1 364 cm™; (d) Intensity distribution of the 1 364 cm™ peak of the 50 spectra

characteristic peaks of R6G can be still discernable at
107" mol - 7!,
detection. The stability of the SERS substrate is

indicating a great sensitivity in molecule

another important factor for the practical application.
Therefore, to study the shelf-life of silver substrates,
the as-prepared silver dendritic films exposed under
ambient conditions for different days (0~180 days)
was tested (Fig.5b). The results show no distinct
changes in either the intensity or the position of the
R6G spectral peaks, indicating good stability of the
silver dendritic SERS substrate.

In order to evaluate the reproducibility of the
silver dendritic SERS substrates, Raman spectra of
R6G molecules with a concentration of 107 mol - L™
were collected randomly from different positions. The
result in Fig.5(c) shows a satisfactory consistency of

the SERS performance. The relative intensity distribu-

tion at typical peaks of 1 364 cm ™ of the SERS
substrate shows the relative intensity deviation is less

than 20% in total, demonstrating a good reproduci-

bility of SERS signals Fig.5(d).

C/ (mol-'L™)
10-3
— 10*6
— 10-7
— 10-8
— 10-9

e

1 1 1 1 1
400 600 800 1000 1200 1400 1600
Raman shift / cm™!

Fig.6 SERS spectra of thiram with different concentrations
on the silver dendritic thin film (from 107 to 107
mol - L)
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To evaluate the potential application in real-
world samples, the as-prepared SERS substrates were
tested using thiram as probe molecules. The detected
minimum concentration of thiram is as low as 1x107°
mol -L 7" indicating a promising potential for real-

world monitoring of trace organic pollutants.
3 Conclusions

AAO membrane modified with Ag dendrites were
successfully fabricated and acted as an effective 3D
SERS substrates. The morphologies of Ag dendritic
structures can be facilely controlled by changing the
reaction time and the concentrations of AgNO;. These
results also indicate that the significance of gap
separation between neighboring branches or sub-
branches and the sub-branches couplings in the
overall electric field enhancements for the AAO based
SERS substrate. The as-synthesized 3D substrate with
special structures could generate abundant of hot
spots and provide large surface to loading analyte
molecules. This flexible, robust and eco-friendly SERS
substrate presents extremely high sensitivity, high
reproducibility and stability, which can potentially be
used for trace detection of organic pollutants in

environment.
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