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a b s t r a c t
In this work, we demonstrated facile and low-cost fabrication of highly sensitive SERS substrates via
replacement reaction by immersing Cu foils into a AgNO3 solution. Different morphologies of Ag nanostructures were observed on the substrate surface by controlling the reaction time. The growth mechanism of Ag nanostructures on the Cu substrates was also analyzed based on the nanostructure
evolution. The Ag-Cu substrates showed optimum SERS enhancement at certain reaction time, and the
minimum detected concentration of Rhodamine 6G is as low as 1013 M. The easy and low-cost fabrication makes the Ag-Cu SERS substrates promising for rapid, sensitive detection of targeted analytes, such
as biomolecules, pollutants, and explosives in the environment.
Ó 2016 Elsevier B.V. All rights reserved.

1. Introduction
Surface enhanced Raman spectroscopy (SERS) has been a powerful technique that allows for highly sensitive detection of analytes with extremely low concentration since its discovery in the
1970s [1–4]. Due to its capability of label-free analysis, SERS has
been applied to sensing of various analytes in different fields, such
as, metabolites, disease markers, hazardous pollutants, illegal
drugs, and explosives in biomedicine, food quality control, environmental monitoring, and security applications [5–11]. However,
the enhancement effect of SERS has been under debate between
two main mechanisms, i.e., chemical and electromagnetic
enhancement, which are supported by formation of chargetransfer complexes and excitation of surface plasmons, respectively. In many reports, the two mechanisms have been proven
to be coupled together to collectively contribute the final SERS
results [12,13]. Recent results have shown that SERS enhancement
occurs even when an excited molecule is relatively far apart from
the surface with excitation of surface plasmons [14], providing
strong support for the electromagnetic enhancement. Surface plasmons are the light coupled coherent oscillations of free electrons
confined at the interfaces of nanostructured metals and dielectric
materials [15–17]. With their capability of concentrating and
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transporting light at the nanoscale, the electromagnetic fields can
be exponentially enhanced. This enhancement underpins SERS
for high-sensitivity chemical and biochemical analyses. The high
sensitivity of SERS can even enable single-molecule detection
[18,19]. It has been reported that various metallic nanostructures
like Au, Ag and Cu as a SERS substrate have superior Raman
enhancement effect [20–22]. Enormous electromagnetic enhancement with tunable plasmonic properties will be formed around
the nanoparticles (hot spots) [23]. However, for a success of a SERS
sensor, the ease and low-cost substrate fabrication and the highly
sensitive, chemically/mechanically stable SERS performance will
play a determining role. To this end, a large amount of SERS substrates with various metallic nanostructures and predictable optical response have been heavily investigated [24–27]. Current
fabrication methods for SERS substrate include photochemical
reactions, self-assembly, nanolithography, and template techniques, etc. These methods are often high-cost and timeconsuming. Development of facile and low-cost fabrication is
therefore highly desired [28]. From our viewpoint, the fabrication
method of galvanic replacement could be one of best options. Galvanic replacement offers a particularly effective approach due to
its abilities to control the size and shape of nanoparticles. Recently,
dendritic silver nanostructures have been successfully grown via
galvanic replacement. Such dendritic nanostructures provide a
large number of ‘‘hot spots” at the end of branches or the junctions
of adjacent Ag branches, which therefore can greatly enhance the
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SERS sensitivity. Chan et al. demonstrated ultrastable SERS substrates of Ag dendritic nanostructures coated with silica nanofilm
[29]. Liu and Hao fabricated flexible 3D silver dendrite-integrated
AAO membrane via electrochemical deposition as effective threedimensional SERS substrates [30]. Maboudian and coworkers
found that Au-coated Ag dendrites as SERS substrates have greatly
improved chemical stability and lifetime [31]. However, all the
above studies ignore the early growth stage of dendritic silver
nanostructures, and the enhancement effect at different growth
stages has not been well investigated.
In addition, the growth mechanism of dendritic silver nanostructures is still under debate, it has been widely accepted that formation of this nanostructures results from combined growth
mechanisms of Ostwald ripening (OR) and oriented attachment
(OA). OR is an important mechanism of crystal growth, in which
the small crystallites have a tendency to condense on the surface
of the large crystallites, because the higher surface free energy of
small crystallites makes them less stable with respect to dissolution in the solvent than large crystallites [32]. As the growth time
increases, the surface of crystallite become smooth due to the OR
effect [33]. OA is also another significant mechanism in the growth
of several nanomaterials. It may occur by collisions of aligned
nanocrystals in suspension or rotation of misaligned nanoparticles
in contact towards low-energy interface configurations. The anisotropic alignment is attained by restricting the attachment process
in some crystallographic directions [34,35]. We will combine these

two growth mechanisms to describe the basic structural evolution
of our Ag nanostructure system.
In this work, we demonstrate facile and low-cost fabrication of
highly sensitive SERS substrates via galvanic replacement reaction
by immersing Cu foils into an aqueous AgNO3 solution. Different
morphologies of Ag nanostructures can be observed on the substrate surface by controlling the reaction time. The formation
mechanism of Ag nanostructures is also analyzed based on the
nanostructure evolution. The morphology-dependent SERS effect
is tested. The experimental results show that such Ag-Cu substrates are promising for rapid, sensitive SERS detection of various
analytes.
2. Experimental
The Cu foils were cut into pieces of 1 cm  1.5 cm and cleaned
sequentially with acetone, ethanol and deionized (DI) water to
remove any organic impurities. To obtain fresh Cu surfaces, the
cleaned Cu foils were immersed in 1% diluted sulfuric acid to
remove surface oxides and then thoroughly rinsed with DI water.
The pretreated Cu foils were immersed into an aqueous solution
of AgNO3 and the Ag nanostructures were deposited on the Cu foils
by the galvanic replacement reaction. Ag ions in the solution were
reduced by Cu atoms at the surface of the Cu foil. Continuous
reduction of Ag ions by Cu atoms required electron-transfer from
the underlying Cu atoms, and the deposition of Ag atoms on Cu
surface took place to form Ag nanostructures. In out experiment,

Fig. 1. Typical low (left column) and high (right column) magnification SEM images of Ag-Cu substrate with different reaction time of 4 min (a, b), 8 min (c, d), and 20 min
(e, f), respectively.
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Fig. 2. (a) XRD pattern and (b, c) typical TEM images of Ag-Cu substrate with the reaction time of 20 min. Insets are the SAED patterns of the marked areas in (b) and (c),
respectively.

the AgNO3 aqueous solution with a concentration of 3.33 mM was
used to react with Cu foils at room temperature. The reaction time
was controlled to be 1, 2, 4, 8, 12, and 20 min, respectively. The
final Ag-Cu substrates were rinsed with DI water and then used
for SERS tests.
The surface morphologies of the Ag-Cu substrates were characterized using a scanning electron microscopy (SEM, Zeiss Gemini
Ultra-55). Energy dispersive spectroscopy (EDS) in SEM was also
used for elemental analysis. The crystalline quality of Ag-Cu substrates was investigated by X-ray diffraction (XRD, Bruker D8).
Selected area electron diffraction (SAED) of the Ag nanostructures
was further checked in a transmission electron microscopy (TEM,
JEOL JEM-2100) at 200 kV. The SERS experiments were tested using
a Raman spectrometer (Horiba HR-800) with an excitation laser
working at 532 nm in wavelength.

3. Results and discussion
The surface morphologies of the Ag-Cu substrates were characterized by SEM. Fig. 1 presents typical SEM images of the Ag-Cu
substrates prepared with different reaction time. Fig. 1(a) and (b)
shows the observed morphologies of the Ag-Cu substrates with
the reaction time of 4 min. A nanoparticle-aggregated fractal pattern is formed. A close look at the magnified image from Fig. 1(b)

shows that the Ag nanoparticles demonstrate an isolated, sheetlike geometrical shape. As the reaction time increases, the Ag
nanoparticles form the seeds to facilitate the further growth of
Ag nanostructures. Fig. 1(c) and (d) shows the morphologies of
the grown nanostructures with the reaction time of 8 min. It can
be seen that the dendritic Ag nanostructures appear, which makes
the morphology a drastic difference from that observed in Fig. 1
(a) and (b). The marked area by the red line in Fig. 1(d) indicates
the formed basic unit of Ag dendritic nanostructures. As the reaction time further increases, dendritic Ag nanostructures become
much dense and thick. Fig. 1(e) and (f) demonstrates the observed
typical morphologies of the grown nanostructures with the reaction time of 20 min. The stems and branches of dendrites become
thicker and longer. Meanwhile, distinct sub-branches appear as
well, forming a clear fractal pattern.

Table 1
Measured Ag/Cu atom ratios on the surface of copper foils for the dendritic Ag
nanostructures with the reaction time of 4, 8, and 20 min, respectively.
Atom ratio

Reaction time
4 min

8 min

20 min

Ag
Cu

9.27%
90.73%

28.13%
71.87%

74.79%
25.21%
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The crystalline quality of the Ag nanostructures was further
investigated using X-ray diffraction. Fig. 2(a) is the measured
XRD pattern for a Ag-Cu substrate with the reaction time of
20 min, indicating that the synthesis of Ag is of excellent crystallinity. The observed three diffraction peaks can be indexed to
diffraction from the (1 1 1) of face-centered cubic Ag and the
(2 0 0), (2 2 0) of face-centered cubic copper. A refined lattice
parameter a = 2.35896 Å is extracted from the XRD data, which is
in good agreement with the previous report [36]. It is noted that
the Cu signal is much stronger than the Ag one from Fig. 2(a) since
the main ingredient is copper in the Ag-Cu substrate. The

crystalline quality of the Ag nanostructure can be also crosschecked through the SAED diffraction pattern in TEM. Fig. 2
(b) and (c) shows typical TEM images of the Ag dendrites prepared
in AgNO3 solution for 20 min. We can see that the tip of the Ag
branch shows polycrystalline characteristic [the inset of Fig. 2
(b)], while the stem illustrates a single-crystal feature [the inset
of Fig. 2(c)]. Both XRD and SAED results have confirmed excellent
crystallinity of the dendritic Ag nanostructures.
As mentioned, the dendritic Ag nanostructures were grown on
copper foils via galvanic replacement reaction. It is therefore
expected that the Ag/Cu atom ratio at the interface will change

Fig. 3. Surface mapping of the dendritic Ag nanostructures with the reaction time of 20 min.

Fig. 4. HRTEM images of Ag dendrites indicating the OR (a) and OA (b) crystal growth mechanisms. (c, d) Magnified parts as marked in (b). Arrows in (b, c, and d) indicate the
crystalline orientation. (e) Schematic representation of proposed morphological evolution for a basic unit in Ag dendrite growth: stage (I) seed formation of hexagonal Ag
nanostructure; stage (II) simultaneous occurrence of OA-enabled orientation-preferred stretching and OR-enabled small nanocrystals adsorption; stage (III) formation of a
basic unit in Ag dendrites.
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Fig. 5. (a) Raman spectra of R6G with a concentration of 105 M on different Ag-Cu substrates resulted from the reaction time of 1, 2, 4, 8, 12, and 20 min, respectively. (b)
Raman intensity of R6G at 615 cm1 as a function of reaction time. (c) Raman spectra of R6G with different concentrations from 108 down to 1013 M for the Ag-Cu substrate
with the reaction time of 4 min. (d) Raman intensity of R6G at 615 cm1 as a function of concentration in log scale.

with the reaction time. The Ag/Cu atom ratios on the foil surface
were estimated by EDS in SEM. Table 1 shows the measured Ag/
Cu atom ratios with the reaction time of 4, 8, and 20 min, respectively. We can see that as the reaction time increases, the Ag concentration increases and the Cu concentration decreases
correspondingly. Fig. 3 shows the surface mapping of the dendritic
Ag nanostructures with the reaction time of 20 min. The green1
color represents silver, and the red color represents copper. As can
be seen, the distributions of silver and copper are quite uniform.
Based on the above morphological observations, we herein propose a possible growth process for the Ag nanostructures evolution. At the beginning point, silver ions in the solution are
reduced to form isolated solid nanoparticles. These nanoparticles
will then serve as the seeds to grow continuously through the
gradual deposition of atoms or ions on the copper surface, and
finally develop into sheet-like geometrical shapes. In this process,
OR will take the dominant role with diffusion being the main
growth-controlling factor. Fig. 4(a) shows OR mechanism of Ag
crystal growth: a small Ag crystallite starts to condense on the surface of a large crystallite governed by minimization of surface free
energy. At a certain growth stage, OA growth mechanism occurs
and gradually dominates the growing process. Fig. 4(b) shows
the OA growth mechanism: the white arrow labels internal orientation of Ag crystal and the red arrow represents the orientation of
Ag crystal at the edge. It seems that the silver nanocrystals are
attached more or less along the h1 1 1i direction with a slight
misorientation angle between them. These nanocrystals may then
1
For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.

realign themselves with respect to each other to grow along a common direction during the further growth. The above proposed
growth process can be illustrated by a schematic diagram, as
shown in Fig. 4(e). At the early stages of galvanic replacement reaction, the Ag nanostructure is Ag nanoparticles with relatively small
anisotropy. The nanoparticles have a tendency to form sheet-like
geometrical shape, as stage (I) shown in Fig. 4(e). Stage (II) indicates that a surface of the Ag nanostructure with both
orientation-preferred stretching via OA growth mechanism and
small nanocrystals adsorbed onto the surface of the nanostructure
by OR mechanism, respectively. Stage (III) in Fig. 4(e) shows the
formed basic unit of Ag dendritic nanostructures with its morphology similar to the observed one in Fig. 1(d). It is worth mentioning
that, although there has been a great deal of discussion about the
growth mechanism of similar nanostructures [37–39], it is still
very challenging to describe the exact kinetics of the formation
process of the dendritic Ag nanostructures. Our proposed model
may only give an intuitive picture about the growth. We believe
that the growth process involves both OR and OA mechanisms.
These two mechanisms combine together and collectively contribute to the formation of the final Ag nanostructures.
Such Ag nanostructures have big potential for SERS sensing
applications. To test their SERS sensitivity, rhodamine 6G (R6G)
was chosen to experimentally characterize our Ag-Cu substrates.
Fig. 5(a) shows the Raman intensities of R6G molecules with a concentration of 1  105 M, and the tested substrates were made by
immersing Cu foils into 3.33 mM AgNO3 with the reaction time of
1, 2, 4, 8, 12, and 20 min, respectively. To facilitate comparison and
observation, Raman spectra were smoothened. The observed
Raman peaks at 615, 775, 1185, 1317, 1366, 1513, 1577 and

356

L. Hu et al. / Chemical Physics Letters 667 (2017) 351–356

1653 cm1 are all associated with the vibrational modes of R6G
molecules, which agree well with the previous reports [40,41].
Fig. 5(b) describes the Raman intensity of R6G at the peak position
of 615 cm1 as a function of reaction time. From Fig. 5(a) and (b), it
can be clearly seen that, as the reaction time increases, the Raman
enhancement first increases and then decreases. It is well known
that SERS effect is highly dependent on the number of ‘‘hot spots”
produced by the noble metallic nanostructures. With short reaction time, Ag nanostructures (i.e., Ag nanoparticles) are small and
sparse, and the interval between neighboring nanoparticles is
big. As a result, the Ag nanostructures cannot provide massive
‘‘hot spots”, making the Raman enhancement weak. While with
too long reaction time, Ag nanostructures (i.e., Ag dendrites)
become big and dense. The surface plasmons of the Ag dendrites
might not be excited efficiently. Hence, there are not sufficient
‘‘hot spots” to enhance the SERS signal. Therefore, there is an optimum reaction time to grow the Ag nanostructure that can provide
the maximum number of ‘‘hot spots” to produce the strongest SERS
signal. From Fig. 5(b), we can see that the Raman enhancement is
the strongest at the reaction time of 4 min, and the characteristic
peak intensity at 615 cm1 is approximately 40,000. Once we
found the Ag-Cu substrate with the optimum SERS signal enhancement, we then used it to further test the detection limit. Fig. 5(c)
shows the SERS spectra of R6G with different concentrations
adsorbed on the Ag-Cu substrate with the reaction time of 4 min.
It reveals that Raman spectral feature of R6G is clearly recognized
and the SERS signal intensity increases with the increase of R6G
concentration. Even when the R6G concentration is down to
1013 M, the R6G Raman characteristic bands can be still obviously
identified. The peak at 615 cm1 was selected to investigate the
relationship between Raman intensity and concentrations, as
shown in Fig. 5(d). We can see an excellent linear response can
be achieved, which will be highly useful to quantitatively calculate
the concentration of the detection analyte using SERS.
4. Conclusions
In summary, we have demonstrated facile and low-cost fabrication of highly sensitive SERS substrates via replacement reaction.
Different morphologies of Ag nanostructures were observed on
the substrate surface by controlling the reaction time. We used
combined OR and OA growth mechanisms to describe the formation process of dendritic Ag nanostructures on the Cu substrates.
The Ag-Cu substrates showed optimum SERS enhancement at the
reaction time of 4 min, and the minimum detected concentration
of Rhodamine 6G was as low as 1013 M. Our fabrication approach
can produce well-defined Ag nanostructures with tailorable optical
responses. The easy, low-cost fabrication and tailorable optical
responses make the Ag-Cu SERS substrates promising for rapid,
sensitive detection of targeted analytes.
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