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A B S T R A C T   

Highly effective surface-enhanced Raman substrates with shape-diversified silver nanostructures on Al foil (AlF) 
were fabricated by galvanic replacement reaction in micellar template which is easy to control, simple and cost- 
effective. Due to the localized surface plasmon resonance (LSPR) of silver nanostructures, the substrates were 
used as surface enhanced Raman substrates. The shape-diversified silver nanostructures on AlF exhibited 
stronger surface enhanced Raman scattering (SERS) effects compared with flowerlike Ag nanostructures on ITO 
glass substrate fabricated by electrodeposition in micellar template. The maximum Raman enhancement factor of 
109 fold was obtained, which is 236 times larger than the flowerlike silver nanostructures on ITO glass substrate. 
The scanning electron microscope (SEM) images show that the size and shape of the nanostructures and surface 
morphology make a valuable contribution to SERS. Raman enhancement experiments of three Raman probes 
were studied, which shows that different vibrational modes of Raman probe affect SERS effect. The fabricated 
shape-diversified silver nanostructures on AlF fabricated by galvanic replacement reaction in micellar template 
are cheap, controllable and simple. It could be potentially useful in SERS field such as imaging applications and 
highly sensitive molecule detecting.   

1. Introduction 

Nowadays, people are paying more and more attention to environ
mental pollution, disease, food safety and security. Sensitive and 
convenient detection methods have attracted many researchers’ atten
tion. Surface enhanced Raman scattering (SERS) as a technique for 
enhancing the Raman scattering intensity rapidly becomes a potential 
method for applications in fundamental and applied research such as 
food safety [1–6], forensic science [7], biotechnology [8,9] and sensing 
[10–12] due to its highly effective and label-free capability [13]. As we 
know, the SERS substrate plays a decisive role in the intensity 
enhancement of Raman signal. In SERS, one of the aims of the research is 
searching for substrates with properties of high-performance enhance
ment factor (EF), fabrication simplicity, cost-effective and controlla
bility. Plenty of substrates such as noble metal based substrate and 
semiconductor based substrate have been studied and used in practical 

applications [14–16]. Noble metal based substrates which can provide 
an extremely strong electromagnetic field on the surface due to the 
excitation of surface plasmon have shown superior SERS effect [17]. 
Among noble metals, Ag stands out owing to its superior SERS effect 
derive from electrons in Ag which are sensitive to the electric field 
originated by the localized surface plasmon resonance (LSPR). Ag-based 
SERS substrates can be fabricated in many methods, for instance, 
chemical synthesis [18], chemical vapor deposition [19,20], electro
chemical deposition [21,22], nano-lithography [23,24]. Plenty kinds of 
shapes and morphologies, such as nanoparticles [25,26], nanoplates 
[26], nanoprisms [27,28] and nanoclusters [29] have been studied as 
SERS substrates. Study shows that silver nanostructures with multi 
‘hotspots’ (tips, gaps and corners) used as SERS substrates exhibit more 
favorable properties such as high enhancement factor. The redistribu
tion of optical fields around the particle owing to rough surface-induced 
field superposition plays an important role in the high enhancement 
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effect of metal particles [30]. Various kinds of substrates such as 
rosettelike nanocrystals [18], flowerlike nanostructures [31], dendrite 
nanostructures [32], nanoclusters [29] were investigated. In order to 
ensure the stability of the SERS substrates and convenience in the 
spectra measurement process, these nanostructures can also be placed or 
deposited onto a solid substrate such as glass [33,34]. However, 
reflectivity of glass is very low which is bad for SERS effect. In 2010, A. 
Gutés et al. firstly proposed silver nanostructures on aluminum foils 
obtained by galvanic displacement could be used as SERS substrates 
[32]. Aluminum as a metal with a high reflectivity can let the Raman 
scattering light return to Raman probe more efficiently. Besides, the 
optical phenomena caused by the coupling between the localized surface 
plasmon of nanostructure and the delocalized surface plasmon polariton 
from Al film benefits SERS effect [32,35–37]. Given the aforementioned 
reasons, silver nanostructures with multi hotspots on AlF have emerged 
as an excellent candidate for SERS substrate. However, there are still 
some problems with the fabrication such as complex production process, 
high cost, time consuming, poor reproducibility and so on, which limit 
the practical applications for the substrates. The metal nanostructure 
substrates still need to be studied. In this work, we investigated 
shape-diversified silver nanostructures on AlF for SERS applications by 
galvanic replacement reaction in micellar template which is 
cost-effective, simple and with improved SERS effect. Nanostructures 
with different shapes were obtained for different reaction times. Flow
erlike silver nanostructures on ITO glass substrate and polished AlF were 
fabricated, measured and analyzed data as two control substrates for 
SERS. The enhancement factor of 109 was achieved by the 
shape-diversified silver nanostructures on AlF which is larger than the 
flowerlike silver nanostructures on ITO glass substrate and polished AlF. 
Reasons for the changes of EFs with different shape nanostructures were 
studied. Such shape-diversified silver nanostructures on AlF fabricated 
by galvanic replacement reaction in micellar template are of potential 
applications in SERS field. 

2. Experimental 

2.1. Materials 

Anionic surfactant sodium bis (2-ethylhexyl) sulfosuccinate (AOT) 
(98 wt %), silver nitrate (99 wt %) and oil phase p-xylene (99 wt %) were 
obtained from Sigma-Aldrich Chemical Company. Deionized water 
whose resistivity is over 18MΩ⋅cm was obtained from the Millipore 
Elixir 100. Silver foil (2.0 mm 99%), Al foils (10.0 μm) and melamine 
were purchased from Alfa Aesar. Rhodamine 6G（R6G）was bought 
from J&K(China). 4-mercaptobenzoic acid (4-MBA) was bought from 
Macklin. 

2.2. Fabrication of silver nanostructures 

2.2.1. Preparation of Ag nanostructures on AlFs 
The silver nanostructures on AlFs were fabricated in micellar tem

plate by galvanic replacement reaction. The AlFs were polished with 
finer-grade sandpaper (5000 meshes) to remove the oxide layer on the 
surface of the AlFs (10.0 μm Alfa Aesar) followed by a wash in ethanol 
(99.9 wt%). Process of synthesizing micellar template is the same as that 
described in our reports forehead [38]. The micellar template consists of 
the oil phase p-xylene, surfactant anionic surfactant sodium bis (2-eth
ylhexyl) sulfosuccinate (AOT) and AgNO3 aqueous solution which 
replaced water in this work. Firstly, the AOT p-xylene solution with 1.4 
M concentration was prepared. Then, AgNO3 aqueous solution with 0.3 
M was added to the AOT p-xylene solution drop by drop. After violent 
stirring for 2 h, the clear liquid mixture was used as micellar template 
and reducer in galvanic replacement reaction process. In the galvanic 
replacement reaction process, the polished AlFs were immersed in the 
micellar template prepared as mentioned above for different times at 
room temperature. The process was finished by taking the Ag 

nanostructures on AlF out of the micellar template. The Ag nano
structures on AlF substrates were washed gently by ethanol and dried 
softly by a flow of N2. The schematic preparation process of the Ag 
nanostructures on AlF is shown in Fig. 1(a). 

The morphologies of as-synthesized shape-diversified Ag nano
structures on AlF were obtained by a field emission scanning electron 
microscope (FESEM, S-4800 from HITACHI). Fig. 2 and Fig. 3 show the 
morphology characters of shape-diversified silver nanostructures ob
tained at room temperature for different growth times when the AgNO3 
concentration was 0.3 M on the top view. Fig. 2 (a)–(f) are the FESEM 
images with low magnification of the silver nanostructures for 1 h, 2 h, 5 
h, 8 h, 16 h, 24 h growth times, respectively, which shows that coverage 
ratio of silver nanostructures increases with growth time. Fig. 3 (a)–(f) 
are the magnified images of Fig. 2 (a)–(f) respectively, from which we 
can observe that the fabricated silver nanostructure clusters are 
composed of silver nanostructures whose size increases with the growth 
time. Between the silver nanostructures there are many horns and thin 
gaps. The sizes of silver nanostructures and the roughened clusters in
crease with growth time. Fig.2 (g)–(l) and Fig.3 (g)-(l) are size distri
bution histograms of silver clusters and nanotips/nanoplates obtained 
by different growth times, respectively. When the growth time are 1 h 
and 2 h (Fig. 2(a) and (b)), the silver clusters are quite like coral 
comprised of silver nanostructures. Combining with the side view pic
ture (Fig. 4(a) and Fig. 4(b)), we can see that the silver clusters consist of 
many thin plates which shows as many nanotips on the top view. When 
the growth time is 1 h, the silver clusters with a mean size of 650 nm 
comprised of nanoplates whose nanotips average diameter is about 35 
nm are obtained. As growth time increases, the nanostructures and 
cluster growth up. When the growth time is 2 h, the silver clusters 
become to 1.04 μm comprised of nanoplates whose nanotips average 
diameter is about 42 nm. As time increases, the shape of silver nano
structure changed from thin nanoplates with nanotips to thicker nano
plates. When the growth time is 5 h, the silver clusters become to 2.5 μm 
comprised of nanoplates with about 266 nm thickness. With the growth 
time increasing, the nanoplates become to nanoprisms with thickness 
and width. The thicknesses of the silver nanostructures are with mean 

Fig. 1. The schematic preparation process of the Ag–Al substrates. (a) is the 
preparation process of Ag nanostructures on AlF with micellar template and (b) 
is the preparation process of Ag structures on AlF without micellar template. 
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sizes of 320 nm, 357 nm and 422 nm for 8 h, 16 h and 24 h. The cluster 
average diameter become to 3.61 μm for 8 h. When the growth time 
increases to 16 h, dense silver membranous obtained, on the top of 
which, there are bulges owing to the clusters. The average diameters of 
the bulges are about 2.5 μm and 2.8 μm for 16 h and 24 h, respectively. 
The relationship between silver clusters size and the growth time is 
shown in Fig. 4(g). Fig. 4(h) shows the relationship between silver 
nanostructure size and the growth time. 

Fig. 4 (a-f) are side views of the Ag nanostructures on AlFs obtained 
by 1 h, 2 h, 5 h, 8 h, 16 h and 24 h, respectively. The relationship be
tween Ag nanostructures height on AlFs and the growth time is shown in 
Fig. 4(i). From the pictures, we can see that the height of the Ag 

nanostructures on AlFs increases with growth time. The height of the 
silver nanostructures are about 1 μm, 1.4 μm, 1.8 μm, 3.5 μm, 4.2 μm and 
5 μm for 1 h, 2 h, 5 h, 8 h, 16 h and 24 h, respectively. 

In order to study the role of the micellar template played in the silver 
nanostructure growth process, we designed a reference group in which 
the silver structures were obtained by galvanic replacement reaction 
between Al and silver ion without micellar template. The other opera
tion and experimental environment were the same as the experimental 
group mentioned above. Fig. 1(b) shows the schematic preparation 
process. 

The pictures of the reference group Ag structures on AlFs obtained 
without micellar template are shown in Fig. S1 and Fig. S2. Fig. S1 

Fig. 2. The FESEM images on the top view with low magnification (a–f) and corresponding Ag clusters’ size distribution of shape-diversified silver nanostructures 
obtained in micellar template at room temperature for different growth times (g)–(l). (a)–(f) are the FESEM images of the silver nanostructures for 1 h, 2 h, 5 h, 8 h, 
16 h, 24 h growth times, respectively, which shows that coverage ratio of silver nanostructures increases with growth time. 
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represents that macroscopical particles in silver which are so easy to fall 
off were obtained. From Fig. S2, we can see that dense silver membra
nous with some large particles have been formed when the growth time 
is only 1h. The particles grow up with the growth time increasing. When 
growth time is larger than 16 h (Fig. S1 (e) and (f)), the macroscopical 
particles can early come off the AlF. 

2.2.2. Preparation of Ag nanostructures on ITO glass substrate 
The flowerlike silver nanostructures on ITO glass substrate were 

fabricated in the micellar template by electrodeposition as we reported 
[38]. Hereafter a brief description is given. The micellar template was 
prepared as the method mentioned in part 2.2.1. In the electrodeposition 

process, ITO glass (the cathode, 15 × 30 mm2) and silver foil (the anode) 
were mounted to form a cell whose cell gap was 0.7 mm. The ITO glass 
was used for collecting the flowerlike silver nanostructures whose sur
face was required to very clean and smooth. Between the anode and 
cathode, a 3.0V DC voltage was applied at room temperature (~22 ◦C). 
The deposition time was 5 h. When the deposition process was finished, 
the negative electrode ITO glass with silver nanostructures was washed 
gently by ethanol and dried softly by a flow of N2. 

2.3. Optical properties 

Absorption and scattering spectra of the substrates were observed by 

Fig. 3. The FESEM images on the top view with high magnification (a–f) and corresponding Ag nanotips/nanoplates size distribution of shape-diversified silver 
nanostructures obtained in micellar template at room temperature for different growth times (g–l). (g–h) are nanotip diameter distributions of shape-diversified silver 
nanostructures. (i–l) are nanoplate thickness distributions of shape-diversified silver nanostructures. (a)–(f) are the magnified images of Fig. 2 (a)–(f), respectively. 
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the Perkin Elmer Lambda 950 spectrometer with an integrating sphere. 

2.4. Raman measurement 

Three Raman probes of 4-MBA, melamine and R6G were chosen. The 
Ag nanostructures on AlF substrates obtained by grown for different 
times (obtained with and without micellar template), the Ag nano
structures on ITO glass substrate, and polished AlF substrate were 
immerged in 50 μM aqueous solution of 4-MBA, R6G and melamine 
overnight. Then, the nanostructures were washed with deionized water. 
The Ag nanostructures on ITO glass, Ag structures on AlF substrates 
obtained without micellar template and polished AlF substrates as 
reference groups. 

The Raman spectra were obtained by an Ocean Optics QE 65 Pro 
spectrometer and Beijing Htnova CR2000 handed Raman spectrometer. 
For Ocean Optics QE 65 Pro spectrometer, an InPhotonics 785 nm 
Raman fiber optics probe with a 200 μm collection fiber and a 105 μm 
excitation fiber was used for collection and excitation. The numerical 
aperture was 0.22. 1 s accumulation times was chosen for the samples. 
The limit of detection for R6G was obtained by Beijing Htnova CR2000 
handed Raman spectrometer with 785 nm excitation. 1.2 s accumulation 
times was chosen for the samples. The power and power density on the 
sample were 50 mW and 7× 106mW/cm2, respectively. The time sta
bility of the SERS signal is good as at least a week. The experiments were 
carried out at room temperature. 

3. Results and discussion 

3.1. Morphology characterization 

Comparing to the macroscopical silver structures on AlFs obtained 
by galvanic replacement reaction without micellar template, in the 
fabrication of nanostructure substrates process, the micellar template 
plays an important role. In the galvanic replacement reaction process, 
the micellar template controls the formation of nanostructures. The 
synergistic soft template mechanism [39,40] which refers to both the 
cooperative effect of the micellar template and the self-assembly of Ag, 
is supposed to the growth mechanism of such silver nanostructures in 
micellar template. The AOT, whose molecular structure contains two 
hydrophobic chains and a hydrophilic head, is a type of amphiphilic 
molecule, as Fig. 5(a) shows. When the AOT, p-xylene and water are 
mixed together, firstly, the microphase separation process starts. In this 
process, micelles with water inside and the hydrophobic tails outside in 
the p-xylene are formed owing to the hydrophilic heads of the amphi
philic molecule aggregate. When the phase equilibrium is achieved, in 
the micellar template, there are many water pores surrounded by 
p-xylene microphase-separated nanostructures [41], as Fig. 5(b) shows. 
The Ag ions are capsulized in the water pores. The initial nucleation of 
silver takes place in such pores as Fig. 5(c) illustrates. As the galvanic 
replacement reaction proceeds (Al+ 3Ag+→Al3+ + 3Ag), the aggregated 
silver nanostructures break the micellar phase template and become 
shape-diversified nanostructures due to the self-assembly effect of Ag, as 
shown in Fig. 5(d). The micell acts as a soft template. Because there is no 

Fig. 4. (a–f) are the FESEM images on the side view of the shape-diversified silver nanostructures on AlFs obtained by 1 h, 2 h, 5 h, 8 h, 16 h and 24 h, respectively. 
(g–i) are relationships between silver clusters size, silver nanostructures size, silver nanostructures height and the growth time, respectively. 
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voltage to control the assignment of the micelles, the nanostructures 
formed are chaotic and stacked. 

3.2. Absorption and scattering properties 

Both Ag and Al show particular LSPR properties dependent on the 
morphology and structures [42]. It is well known that the position and 
intensity of the LSPR bands depend on the size, shape, aspect ratio, and 
mutual coupling of silver nanostructures and nanoclusters [43]. As we 
know, scattering and absorption will occur when the beam goes through 
the scattering body. The extinction is equal to the scattering and the 
absorption which is usually used to characterize the localized surface 
plasmon resonance (LSPR) properties and can be calculated by 1-T (T 
stands for transmission) [33,44,45]. In our experiment, we tried to 
characterize the LSPR properties of the samples by measuring extinc
tion. However, the transmitted light intensity is 0 at each wavelength 
from 400 nm to 800 nm, which means the extinction ratios of samples at 
each wavelength from 400 nm to 800 nm are 100%. The coupling be
tween the localized surface plasmon of nanostructure and the delo
calized surface plasmon polariton from Al film occurred in the range of 
nm [46]. So, we need to measure the extinction properties of silver 

nanostructures and Al in the thickness range of nm around them which is 
impossible for the substrate in current state. In order to explore the effect 
of silver nanostructures with different shapes and morphologies on the 
optical properties of the samples and the different optical properties 
between the samples obtained with and without micellar template, we 
measured the scattering and absorption properties of the samples. 

Fig. 6(a) and Fig. 6(b) show absorption spectra and scattering spectra 
of the as-prepared Ag nanostructures on AlF samples. Fig. 6(c) and (d) 
are relationships between absorption/scattering intensity ratios and 
growth time at 785 nm of silver nanostructures on Al foils obtained with 
micellar template. Overall through, the absorption spectrum tends to be 
flat, which can be explained by the fact that the sample consists of Ag 
nanostructures and the AlF whose thickness is as thick as 10 μm. As the 
growth time increases, the absorption intensity of the substrates first 
increases and then decreases. Combined with the FESEM images, the 
change is due to the size of the nanostructures. From the FESEM pic
tures, the sizes of nanostructures on the substrates obtained for 1 h, 2 h, 
5 h, 8 h, 16 h and 24 h are 35 nm, 42 nm, 266 nm, 320 nm, 357 nm, 422 
nm, respectively. As the nanostructure grow up, scattering of the sample 
first decreases and then increases (Fig. 6(b)), which changes the scat
tering character of the Ag nanostructures which increases as the 

Fig. 5. The schematic illustration for the growth process of silver nanostructures on Al foil with micellar template. (a) The molecular structure of AOT 
(C20H37NaO7S). The molecule contains two hydrophobic chains and a hydrophilic head. (b) The microphase-separated nanostructure of the template. (c) The initial 
silver dots deposited at the beginning of the process. (d) The aggregated silver structures break the micellar template and become shape-diversified silver nano
structures as the galvanic deposition process continues. 

Fig. 6. The absorption spectra (a), scattering spectra (b), relationships between absorption (c)/scattering (d) intensity ratios and growth time at 785 nm of silver 
nanostructures on Al foils obtained with micellar template. 
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nanostructure grow up as the literature said [47,48]. The absorption 
properties of materials grown without micellar template were analyzed. 
From Fig. S3 we can see that the absorption intensity of the material 
decreases with the grow time increasing, which represents the sizes of 
the structures increases with the growth time increasing again. 

From the results, we can see shapes and morphologies of silver 
nanostructures have a certain impact on the optical properties of silver 
nanostructures on AlF samples. As the literature report [48], the relative 
scattering intensity increases with the increase of nanostructure size. 
However, as our measured results, the relative scattering intensity de
creases first and then increases with the increase of nanostructure size. 
This result mainly comes from the plasmon interaction between 
aluminum substrate and shape-diversified silver nanostructure or be
tween nanostructures. Compared with the materials grown with 
micellar template, the materials grown without micellar template are 
different, which illustrates that the micellar template played a key role 
in refinement of materials. 

3.3. Surface enhanced Raman scattering effect 

We studied the SERS properties of shape-diversified silver nano
structures on AlF obtained in micellar template with 1 h, 2 h, 5 h, 8 h, 16 
h and 24 h growth time comparing with the polished AlF substrate, 
flowerlike silver nanostructure on ITO glass substrates and silver 
structures on AlF substrates obtained without micellar template. Three 
matter of R6G, 4-MBA and melamine were chosen as Raman probes. 
R6G and 4-MBA are two kinds of common Raman probes which are used 
widely in various field researches such as cell label, random laser and so 
on [49]. Melamine is an organic nitrogen-rich chemical, whose rapid 
detection with trace amounts given to a lot attention owing to its 
improper added in human food. Molecular structures of the three Raman 
probes are shown in Fig. S4. 

Figs. S5, S6, S7 show the raw SERS spectra of R6G, 4-MBA and 
melamine on different substrates, respectively. In order to facilitate 
comparison and observation, these Raman spectra have been smoothed 
and baseline corrected which are shown in Figs. 7(a) and 8(a), 9(a), 
respectively. Curves (from top to bottom) represent Raman from shape- 
diversified silver nanostructures on AlF of 1 h, 2 h, 5 h, 8 h, 16 h and 24 h 
growth time, flowerlike silver structures on ITO glass substrate and sil
ver structures on AlF which are used as reference curves, respectively. In 
the experiment, we found that the Raman signal on silver structure AlF 
obtained without micellar template could not be detected in the 
experiment condition which shows that the SERS effects of these 

substrates are weaker compared with substrates mentioned above. We 
can see that the Raman signals of Raman probes are obviously enhanced 
by the nanostructure substrates. The intensities of the Raman on shape- 
diversified silver nanostructure AlFs are much stronger than that on the 
polished Al substrates and flowerlike silver structures on ITO glass 
substrate. On the whole, it can be seen that the maximum enhancement 
effect is achieved by different substrates for different Raman probes. The 
intensity of SERS signals at different frequencies as a function of the 
growth time are shown in Figs. 7(b), 8(b) and 9(b). For R6G, the vi
brations locating around 777 cm− 1、1189 cm− 1、1317 cm− 1、1604 
cm− 1 and 1656 cm− 1are enhanced remarkably, as has been reported in 
the literature [49]. From Fig. 7(b), we can see that the Raman enhanced 
effect of silver nanostructures on AlF of 8 h is the best. The peak intensity 
at 777 cm− 1 obtained by silver nanostructure on AlF of 8 h is 18 times 
larger than the flowerlike silver nanostructures on ITO glass substrate. 
The enhancement factor (EF) is estimated as5.8× 107. For 4-MBA, the 
vibrations locating around 1082 cm− 1、1179 cm− 1 and 1595 cm− 1are 
enhanced remarkably, as has been reported in the literaure [50]. From 
Fig. 8(b), we can see that different enhancement effects of different vi
bration are obtained. The best Raman enhanced effect is obtained by 
silver nanostructures on AlF of 16 h at 1082 cm− 1 and 1595 cm− 1. As at 
1179 cm− 1, the best is obtained by silver nanostructures on AlF of 5 h. 
The peak intensity at 1082 cm− 1 obtained by silver nanostructure on AlF 
is 236 times larger than the flowerlike silver nanostructures on ITO glass 
substrate whose EF is estimated as large as 109. For melamine, the vi
brations locating around 564 cm− 1、704 cm− 1 、987 cm− 1and 1232 
cm− 1are enhanced remarkably, as has been reported in the literaure 
[51]. From Fig. 9(b), we conclude that the best Raman enhanced effect is 
obtained by silver nanostructures on AlF of 5 h at 704 cm− 1 and 1232 
cm− 1,while, which is obtained by silver nanostructures on AlF of 2 h at 
564 cm− 1 and 987 cm− 1. EF is estimate at 987 cm− 1 which is as large as 
106. Detailed processes of EF calculation are shown in supplementary 
information. 

The limit of detection for R6G on shape-diversified silver nano
structure AlF was measured. Fig. 10 (a) shows the SERS spectra of R6G 
with different concentrations of 10− 6M, 10− 8M, 10− 10M and 10− 12M 
adsorbed on shape-diversified silver nanostructures AlF obtained for 8 h. 
The intensity of the characteristic R6G peaks decreased as the concen
tration decreased. The characteristic SERS peak around 613 cm− 1 is 
selected for quantification of SERS signal. The corresponding calibration 
curve between SERS signal intensity at 613 cm− 1 and the R6G concen
tration is shown in Fig. 10 (b). A good linear relationship was shown at 
the given concentration range. The detection limit can reach a low as 

Fig. 7. SERS properties of R6G on different substrates. (a) is smoothed and baseline corrected Raman spectra. AgN on AlF represents Ag nanostructures on AlFs 
obtained with micellar template. AgF on glass substrate represents flowerlike silver nanostructures on ITO glass substrate obtained with micellar template. (b) is the 
intensity of SERS signals at different frequencies as a function of the growth time. Flowerlike silver nanostructure substrate is defined as growth time is zero. 
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10− 12 M. 
From the Raman results, we conclude that the Raman enhancement 

effect of shape-diversified silver nanostructures on AlF obtained with 
micellar template is better than the flowerlike silver structure on ITO 
glass substrates and silver structure on AlF obtained without micellar 
template. The maximum Raman enhancement factor is 236 times larger 
than the flowerlike silver nanostructure on ITO glass substrate, which 
comes up to 109 fold. The enhancement effects of the metal nano
structures and the enhancement effects for different probes are size- 
dependent. And the maximum enhancement effects of different vibra
tions are different. 

According to the general theory, the SERS enhancement for mole
cules adsorbed on metal nanostructures is attributed to electromagnetic 
mechanism (EM) and chemical mechanism (CM) [52]. Electromagnetic 
mechanism is in relation to resonance between the plasmon of the metal 
surface and the incident ray, in which the morphology, shape and size of 
the metal nanostructures plays a key role. Chemical mechanism is 
divided to three mechanism: charge transfer (CT) mechanism where the 
incident beam is resonant with an excitation from metal to the 

adsorbate, molecular resonance mechanism related to resonance be
tween the incident beam with a molecular excitation, and nonresonant 
interactions between the adsorbate and the surface (CHEM), which are 
related to the adsorbate and metal [52]. In most cases, it is accepted that 
EM mechanism is the strongest enhancement stem. In our study, 
enhancement of different substrates for the same Raman probe is 
different stemming mainly from EM mechanism and partly from CM. 
The morphologies of silver nanostructures on different substrate are 
different which lead to different Raman enhancement effects. Combing 
with the SEM images, plenty of “hot spots” on the metal nanostructures 
leads to the strong Raman enhancement effect. Besides, the chemical 
enhancement is also size-dependent [53], which plays a part role in the 
different enhancement by different substrates for the same Raman 
probe. The maximum enhancement effects of different vibrations of 
Raman probes are different. Different vibrations of same Raman probe 
or different Raman probes undergo different CM mechanism which leads 
to different Raman enhancement effect. Considering the experiment 
results and the theoretical analysis, in order to obtain the best Raman 
enhancement effect, we should chose appropriate SERS substrate 

Fig. 8. SERS properties of 4-MBA on different substrates. (a) is smoothed and baseline corrected Raman spectra. AgN on AlF represents Ag nanostructures on AlFs 
obtained with micellar template. AgF on glass substrate represents flowerlike silver nanostructures on ITO glass substrate obtained with micellar template. (b) is the 
intensity of SERS signals at different frequencies as a function of the growth time. Flowerlike silver nanostructure substrate is defined as growth time is zero. 

Fig. 9. SERS properties of melamine on different substrates. (a) is smoothed and baseline corrected Raman spectra. AgN on AlF represents Ag nanostructures on AlFs 
obtained with micellar template. AgF on glass substrate represents flowerlike silver nanostructures on ITO glass substrate obtained with micellar template. (b) is the 
intensity of SERS signals at different frequencies as a function of the growth time. Flowerlike silver nanostructure substrate is defined as growth time is zero. 
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according to the actual condition. Shape-diversified silver nano
structures on Al foil controllably fabricated in this study are good can
didates for potential applications in SERS field. 

4. Conclusion 

In this work, we have demonstrated the highly effective surface 
enhanced Raman scattering substrate with shape-diversified silver 
nanostructures on AlF fabricated by galvanic replacement reaction in 
micellar template. Shape-diversified silver nanostructures with different 
morphologies on AlF were synthesized and investigated by experiments. 
The enhanced Raman effect of the substrates for R6G, 4-MBA and mel
amine were studied which shows that the SERS effect is related to the 
Raman probe and different vibrational modes. The best EF is about 109 

which is 236 times larger than the flowerlike silver nanostructures on 
ITO glass. The reasons that surface morphology and shape of the silver 
nanoparticles play significant roles in enhancing SERS were discussed by 
analyzing the results of optical spectra and SEM images according to 
electromagnetic mechanism (EM) and chemical mechanism. Experi
mental results show that the morphology and shape of shape-diversified 
nanostructures on AlF plays an important role in SERS. Considering the 
ultra-sensitive SERS effect together with the simple fabrication method 
and low cost property, the shape-diversified silver nanostructures on 
AlFs fabricated by galvanic replacement reaction in micellar template 
are good candidates for potential applications in SERS field. 
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