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ABSTRACT: Homogeneous Ag nanosheet-assembled film was success-
fully fabricated by using Cu plate through a simple modified solution
method, where weak reductive Cu2O layer and complexing agent citrate
ions were both introduced into the reaction system to control the
reaction process. Meanwhile, citrate ions were used as morphology-
controlled reagent to lead Ag units to grow in the form of nanosheet.
The growth process exhibited that Ag nanosheet-assembled film formed
slowly with reaction proceeding. Additionally, the pack density of
nanosheets in the final product was found to be adjusted by the concentrations of Ag+ ions in precursor solution. Using
Rhodamine 6G (R6G) as probing molecules, the surface-enhanced Raman scattering (SERS) experiments showed that the Ag
film assembled by nanosheets with high pack density exhibited excellent detecting performance, which could be used as effective
SERS substrate for ultrasensitive detecting. Besides, a novel quintuplet SERS substrate could be synthesized in one batch by our
method, which showed good reproducibility and a linear dependence between analyte concentrations and intensities, revealing
the advantage of this method for easily scale-up production.

KEYWORDS: surface-enhanced Raman Scattering, Ag nanosheet, film, solution method, detecting

1. INTRODUCTION

Surface-enhanced Raman scattering (SERS), as a powerful and
extremely sensitive analytical technique, has attracted wide
attention since its first observation on a rough Ag electrode,1

and has been intensely explored nowadays in the area of
biodetection, biomedicine, environmental monitoring, analyt-
ical chemistry, etc.2−5 Much research has demonstrated that the
Raman signals could be enhanced greatly when target
molecules reside in the gaps between neighboring metal
nanoscaled units (so-called “hot spots”),6−8 and the enormous
enhancement endows the exquisite sensitivity of SERS, allowing
the acquisition of the characteristic fingerprint of target
molecules at low concentrations, even down to the single
molecule level.9

For practical application of the SERS techniques, SERS
substrates need to be reproducible, highly sensitive, facilely
fabricated, and so on.10 However, the Au and Ag electrodes or
colloidal suspensions generally result in irreproducible SERS
signals for the random distribution of “hot spots”.11,12 To date,
various kinds of SERS substrates have been developed
successively.13−15 Among them, homogeneous SERS substrates
with good signal reproducibility became the focus, which were
realized through top-down nanopatterning techniques such as
electron beam lithography and atomic layer deposition assisted
with optical lithography.16,17 However, these techniques were
limited by their high cost and low throughput. Nowadays,
tremendous efforts are continuously devoted to developing
simple methods for homogeneous SERS substrates,18−23 like
electrochemical deposition and conductive polymer-assisted

method, where the obtained uniform micro/nanostructured
noble metal films not only had excellent sensitivity for high
density of “hot spots”, but also exhibited structural stability and
reproducibility. For instance, Xu et al. reported the synthesis of
homogeneous Ag film by using conducting polymer membrane
as reducing agent;18,19 Zhu and Liu et al produced Ag
nanosheet-assembled films or microhemispheres via electro-
deposition which showed good SERS performance like high
sensitivity and reproducibility.20−22 Although the above
methods could be used to synthesize homogeneous SERS
substrates, simpler and more low-cost approaches are still
relentlessly pursued.
Simple solution methods like galvanic displacement are one

of the best choices for their easy manipulations and potentially
scale-up production. However, irregular product like Ag
dendritic nanostructures were usually produced by direct
using Cu, Al, and other plates as substrate,24−26 which was
mainly ascribed to their high reactivity (for example, Ag+/Ag
pair, 0.80 V, and Cu2+/Cu pair, 0.34 V vs standard hydrogen
electrode (SHE)27). Zhan et al. reported the synthesis of Ag
nanoplates on Cu plate by modified galvanic displacement;
although 2-nitrobenzoic acid was used as a complexing reagent
to slow the reaction, it was still too fast to control the
morphology of the final product.28 Recently, our group
reported that Ag nanosheet-assembled hollow microcubes
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with controllable morphology could be realized by using Cu2O
microcubes as weak reducer and trisodium citrate as complex-
ing agent.29 Enlightened by the idea, homogeneous SERS
substrates could be controllably synthesized by using the Cu
plate based on two modifications. On the one hand, a Cu2O
layer was introduced onto the Cu plate as a weak reductive
layer that could decrease the reaction rate (Cu+/Cu pair, 0.52 V
vs SHE), and on the other hand, trisodium citrate was chosen
as complexing agent of Ag+ ions to decrease the concentration
of free Ag+ ions in the precursor solution.
The detailed synthesis strategy was schematically illustrated

in Scheme 1. The preparation process mainly involved two

steps. In the first step, a, weak reductive Cu2O layer was
introduced onto Cu plate by immersing Cu plate into CuSO4
solution, where Cu2+ ions could be reduced to Cu+ ions by Cu
plate through in situ redox reaction according to eq 1.
Therefore, the Cu plate fully covered with Cu2O layer could be
easily obtained.

+ + → ++ +Cu Cu H O Cu O 2H2
2 2 (1)

In the second step, b, the Cu plate with Cu2O layer was
immersed into the mixed solution containing Ag+ and citrate
ions. The in situ generated Cu2O weak reductive layer and
citrate ions worked synergistically to slow down the reaction of
the system. As we previously reported,29 the concentration of
H+ (acidity of solution) could be used to adjust the reaction
system according to eq 2, and then Ag film could be gradually
formed through redox reaction under control.

+ + → + ++ + +2H Cu O 2Ag 2Ag 2Cu H O2
2

2 (2)

Additionally, citrate ions, a well-known morphology-directing
reagent, also regulated the shape of the Ag units in the form of
nanosheet. Through the above route, uniform Ag nanosheet-
assembled film was expected to be fabricated by using Cu plate
in a controlled way.

2. EXPERIMENTAL SECTION
2.1. Materials. Copper (Cu) plate, sodium dodecyl sulfate (SDS),

silver nitrate (AgNO3), trisodium citrate (C6H5Na3O7·2H2O), copper
sulfate (CuSO4·5H2O), and nitric acid (HNO3) were purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were of
analytical grade and used without further purification. Water used
throughout all these experiments was purified with a Millipore system.

2.2. Synthesis of Ag Nanosheet-Assembled Film on Cu
Plate. 2.2.1. Introduction of Cu2O Layer on the Cu Plate. The Cu
plate was first washed with acetone and ethanol to eliminate superficial
contaminants in an ultrasonic bath, and rinsed with deionized water.
After that, the surface was covered by adhesive tape, a window on the
Cu plate was cut by knife, and the plate was then immersed into an
aqueous solution of CuSO4 (0.4 g, 50 mL) and SDS (0.1 g). After a
while, the plate was taken out and rinsed with ethanol and deionized
water repeatedly, and the Cu2O/Cu composite plate was obtained for
further use. The whole reaction was performed at room temperature
and ambient pressure.

2.2.2. Synthesis of Ag Thin Film by Using Cu2O/Cu Composite
Plate. The Cu plate with Cu2O layer was dipped into trisodium citrate
solution (0.176 g, 70 mL) under magnetic stirring for a specific
amount of time, then AgNO3 solution (0.153 g, 5 mL) was added.
After a while, dilute HNO3 (10 mL, 2 mM) was injected into the
above mixture quickly. 30 min later, the plate was rinsed with
deionized water and ethanol several times, and saved in ethanol for
further characterizations.

2.2. Characterizations. The morphology and composition of the
as-prepared products were characterized by field-emission scanning
electron microscopy (FESEM, JSM-7001F) at an acceleration voltage
of 20.0 kV and energy dispersive X-ray spectroscopy (EDS).
Transmission electron microscopy (TEM) observations were
performed on a JEOL 2010 electron microscope operating at 200
kV. The phase and the crystallographic structure of the products were
investigated by X-ray diffraction (XRD, Philips X0 Pert Pro).

2.3. SERS Measurements. Rhodamine 6G (R6G) dye were used
as Raman probes for the SERS measurements. During the SERS tests,
the Ag films were first immersed in 0.05 M KCl solution for 20 min to
remove the possible impurities adsorbed on it, which might result in
unwanted impurity peaks in the desired SERS spectra, and then a few

Scheme 1. Schematic Illustration about the Controlled
Synthesis of Ag Nanosheet-Assembled Film on Cu Plate

Figure 1. SEM images of: (a) Cu plate, (b) Cu2O/Cu plate, and (c) Ag/Cu plate (the inset is the photo of the corresponding products); (d−f) the
Ag nanosheets film with different magnifications.
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of R6G solutions (200 μL) with different concentrations were used.30

After 30 min, the substrates were rinsed with deionized water and
ethanol carefully, and dried with high-purity flowing nitrogen. The
substrates were measured under a confocal microscopy Raman
Spectrometer (LABRAM-HR), using a laser beam with an excitation
wavelength of 514.5 nm in this study. The acquisition time was 2 s for
each spectrum. For each sample, we took three SERS spectra in
different positions in the center area of the substrate and then averaged
them.

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure. Figure 1 presents typical

scanning electron microscopy (SEM) images and photos of the
products at every step in the above-mentioned method. As
shown in Figure 1a, the surface of Cu plate is smooth and
shows brass color in the inset of Figure 1a. After the Cu plate
was treated in CuSO4 solution, its color changed into cardinal
red as seen in the inset of Figure 1b. A large area of the Cu2O
layer consisted of microcrystal particles are observed clearly on
the surface of Cu plate in Figure 1b, and the grain sizes of the
particles ranged from 0.5 to 3 μm. After immersed into the Ag+

and citrate ions mixed solution for 30 min, gray color of the
plate is found as shown in the inset of Figure 1c which implied
the generation of Ag film. The morphology of the Ag film could
be seen in Figure 1c, and large amount of nanosheets stacked
compact together. In the high magnified SEM image (Figure
1d, e), the generated Ag film exhibits that these nanosheets are
well-ordered locally in parallel while they entangle with each
other in different directions as a whole. From high magnified
SEM image in Figure 1f, it can be seen that these Ag
nanosheets with average thickness of about 20−30 nm arranged
randomly, and plenty of nanogaps with sub-10 nm are found
between the parallel-linked nanosheets on the surface of Ag
film. Additionally, energy dispersive X-ray spectroscopy (EDS)
measurement was used to watch the changes of compositions in
the above products. As shown in Figure S1 in the Supporting
Information, the original Cu plate was transformed into Cu2O/
Cu plate successfully, which is revealed by the elemental
changes from Cu (Cu plate, curve a) to Cu, O elements
(Cu2O/Cu composite plate, curve b), thereafter both Cu and
Ag elements are detected in final product (Ag/Cu substrate,
curve c), proving the generation of Ag. The morphologies and
elements of products revealed that the reaction proceeded on
the Cu plate according to the above designed steps. The cross-
section of the Ag/Cu plate was further observed as shown in
Figure S2a in the Supporting Information, where clear gap is
also noticed between Cu substrate and the generated Ag film
after reaction which indicated that Cu2O layer participated in
the reaction and was consumed after reaction. The thickness of
Ag film was estimated to be around 2 μm in Figure S2b in the
Supporting Information. Meanwhile, the close observation from
the section of film (marked by rectangle in the inset of Figure
S2b in the Supporting Information) further reveals that the film
composed of compact stacked nanosheets.
The phase structure of the products was characterized by X-

ray diffraction (XRD). The Cu plate with cubic structure
(JCPDS No. 03−1005) was adopted in our experiment
according to the diffraction peaks in curve a in Figure 2.
After Cu2O layer was introduced, clear signals of Cu2O besides
Cu plate were found from the indexed peaks (110), (200),
(111) and (220) in curve b (JCPDS. No. 78−2076). The final
product shows face-centered cubic Ag with two new peaks
indexed as (111) and (220) according to JCPDS (No. 04−
0783). Meanwhile, almost no peaks from Cu2O were detected

in curve c in Figure 2, which indicated the entire Cu2O layer
was consumed completely for the generation of Ag film during
the reaction. The SEM images and XRD patterns proved that
Ag nanosheet-assembled film had been successfully fabricated
on Cu plate through chemical redox reaction.

3.2. Growth Process. Time-dependent experiments were
conducted to watch the reaction process. Figure 3 shows the
SEM images of the products obtained from 0 to 30 min. From
images a and e in Figure 3, the Cu2O film formed through in
situ reaction exhibited multicrystalline structure with clearly
crystal facets. After dilute HNO3 solution (10 mL, 2 mM) was
injected into the system, the reaction between Cu2O and Ag+

ions occurred slowly.29 With the reaction time increasing to 3
min, a lot of Ag nanoparticles appeared on the surface of Cu2O
film in Figure 3b, f. As shown by the arrows tiny nanosheets
could be observed which could be attributed to facet-inhibiting
effect of citrate ions, since it was thought to preferentially
adsorb on the {111} facets, inhibiting the growth of this
plane.31−33 Lots of previous experiments had also proved the
morphology controlling effect of citrate ions during the growth
of silver nanosheet.34−36 These tiny nanosheets formed at the
initial stage acted as nuclei center for the following growth, and
the new generated bigger nanosheets aggregated into Ag film as
shown in Figure 3c, which crossed each other and almost fully
covered the Cu2O layer. Meanwhile, it could be seen that the
little tiny nanosheets grew along {111} facets with a length of
about 700 nm after 8 min. Most of these nanosheets stacked
together irregularly as shown in Figure 3g, whereas some local
nanosheets stacked together face-to-face as the arrow marked in
Figure 3g. When the reaction time was further prolonged to 30
min, the nanosheets grew along {111} facets continually and
connected together into a complete and uniform Ag film in
Figure 3d. Most of nanosheets were estimated to be about 1−3
μm in length, and these nanosheets weaved together with a
“matting-like” surface. The Ag film was scraped from the
substrate and broken under ultrasonication for TEM
examination. As illustrated in Figure S3a in the Supporting
Information, a broken sheetlike sample was observed, which
was composed of large amount of small sheets as seen from the
magnified edge of product shown in Figure S3b in the
Supporting Information. TEM and selected area electron
diffraction (SAED) provide further insight into the structure

Figure 2. XRD patterns of (a) Cu plate, (b) Cu2O/Cu composite
plate, (c) Ag/Cu composite plate.
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of the Ag units. The lattice resolved TEM image (see Figure
S3c in the Supporting Information) taken on a single Ag unit
reveals fringes with a separated spacing of about 0.25 nm, being
assigned to the 1/3{422} reflection which is generally
forbidden for a face-centered cubic (FCC) lattice. Figure S3d
in the Supporting Information is a typical SAED pattern where
the hexagonal spot arrays can be assigned to the [111]
orientation of the FCC structure, implying that the flat faces are
bound by {111} planes. The spots marked with a square, circle
and triangle in the SAED pattern can be indexed as {220}, 1/
3{422} (formally forbidden Bragg reflections) and {422},
respectively. The SAED pattern also reveals that the planar
surface of the nanosheet is parallel to {111}, because the
electron beam was perpendicular to the surface of the sheet.21

From the above reaction process, the Ag nanosheets grew
slowly under the effect of citrate ions in the designed system,
and the reaction proceeded in the similar way as reported
previously.29,37,38

3.3. Influence of Ag+ Concentrations on the Morphol-
ogy. In our previous report, the amount of AgNO3 played an
important role in the tuning density of Ag nanosheets by using
Cu2O microcubes.29 Here in this work, it was also found that
the structure and morphology of the Ag products also strongly
depended on the concentrations of AgNO3 in the solution. We
systematically investigated its influence on the morphology of
the products through series of experiments while keeping the
other conditions unchanged. Figure 4 showed the SEM images
of the products obtained with different amount of AgNO3.
With the increasing in AgNO3 from 0.051 to 0.153 g, two
obvious changes including the density and size of nanosheets
could be observed from Figure 4a−f. For example, the obtained
product in images a and d in Figure 4 exhibited a sparse Ag
nanosheet-assembled film with the length of single nanosheet
around 500 nm, whereas the product in images c and f in Figure
4 showed a dense Ag nanosheet-assembled film with the length
of single nanosheet around 2 μm. The reason could be
proposed that the concentrations of AgNO3 in the reaction
solution strongly affected the density of Ag nuclei at the
primarily stage and their subsequent growth, then sparse Ag
nuclei on the plate inevitable lead to sparse distributed Ag
nanosheet-assembled film. Besides, with the increasing
concentrations of AgNO3, the main structure of final Ag film
gradually transitioned from cross-linked assembly to parallel-
linked one.
3.4. SERS Measurement. Because of their unique shape,

Ag nanosheets became the research focus for their displaying

LSPR over a broad range of wavelength and strong enhance-
ment of the electromagnetic field at the sharp corners and
edges of the nanosheets.39−41 Especially, when the nanosheets
assembled together, the nanogaps formed by paralleled or
crossed nanosheets provided high density of “hot spots” which
enhanced SERS signals greatly.21,22 Therefore, the obtained Ag
nanosheet-assembled film was expected to be utilized as desired
substrates for SERS applications. The SERS performances of
the above products were evaluated by using R6G as the model
SERS marker; it needed to emphasize that only a little of
analyte solution (200 μL) was used during the tests for trace
detection. The Ag films with different pack densities of
nanosheets in Figure 4 were first investigated as shown in
Figure 5. Clear peaks were observed in the three curves, and the
vibration peaks at 1187, 1311, 1363, 1509, and 1651 cm−1

could be assigned to C−H in-plane bending, C−O−C
stretching, and C−C stretching of the aromatic ring of R6G
molecule, respectively, while the peak at 773 cm−1 was due to
the out-of-plane bending motion of the hydrogen atoms of the
xanthene skeleton.42 A clear enhanced effect at 1363 and 1651
cm−1 was observed in these spectra, which were the two main

Figure 3. SEM images of the products obtained at different intervals: (a) 0, (b) 3, (c) 8, (d) 30 min; and (e−h) their corresponding magnified
images.

Figure 4. SEM images of the products obtained with different
concentrations of AgNO3: (a) 0.051, (b) 0.102, (c) 0.153 g; and (d−f)
their corresponding magnified images.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401552x | ACS Appl. Mater. Interfaces 2013, 5, 7308−73147311



characteristic peaks of R6G. Through comparing the signals
and morphologies of the three products, we found that the film
with highest pack density of Ag nanosheets demonstrated the
SERS signals with highest intensity. As we know that the gaps
between adjacent nanostructures in the sub-10 nm regime
(“hot spots”) is very critical to attain highly Raman-enhanced
signals, which have been proved by both theoretical and
experimental studies.8,43 Here in our study, the sub-10 nm gaps
existed in the intercrossed corners in the product shown in
Figure 4a, and between the adjacent nanosheets in the product
shown in Figure 4c. Obviously, the Ag film assembled by
parallel-linked nanosheets provided more sub-10 nm gaps than
that assembled by cross-linked nanosheets in the same area.
Therefore, the plenty of “hot spots” located in the film in
Figure 4c induced extremely enhanced Raman signals, which
thus ensure the high sensitivity of the Ag nanosheet-assembled
film as SERS substrates.
The SERS spectra of R6G at different concentrations were

further measured by using the Ag film (Figure 4c) assembled by
parallel-linked nanosheets as SERS substrate. As shown in
Figure 6, the spectral intensities were decreased by diluting the
concentrations of the target molecule. Many bands were
distinctly observed from the inset of Figure 6 even when the

R6G concentration was reduced down to 1 × 10−12 M,
demonstrating the high sensitivity of the Ag nanosheet-
assembled film. These results confirmed that this kind of Ag
nanosheet-assembled film could achieve ultra trace detection of
analyte.
By taking R6G as the test molecule, the enhancement factor

(EF) of the Ag film assembled by parallel-linked nanosheets as
SERS substrate was estimated by the following eq 344

= I I N NEF ( / )( / )SERS bulk bulk ads (3)

where ISERS and Ibulk are the Raman signals at a typical vibration
(1363 cm−1 were chosen in our study) of the R6G molecules
adsorbed on a substrate with the SERS effect and solid R6G
molecules. Nads and Nbulk are the numbers of the adsorbed
molecules on Ag nanosheet-assembled film and the solid R6G
molecules within the laser spot, respectively. In detail, for
determination of Nbulk and Nads, we spread the 20 μL R6G
solution (10−3 M) onto a glass plate with 1 cm2 and dropped
the R6G solution (1 × 10−10 M, 200 μL) on the obtained Ag
nanosheet-assembled film with area about 0.2 cm2. Therefore,
we can know the ratio Nbulk/Nads was about 5 × 106 within the
same area of laser spot. Then the above two samples were
tested by Raman spectroscopy under same condition, and the
results were shown in Figure S4 in the Supporting Information,
and thus the ratio ISERS/Ibulk could be calculated to be about
0.23 from the intensity of the corresponding peaks. Finally, the
EF value was calculated to be about 1.15 × 106. The
enhancement factor as high as 1 × 106 revealed the Ag
nanosheet-assembled film could be used as effective SERS
substrate in trace detection.
The reproducibility of the SERS signals using the obtained

Ag/Cu plate as SERS substrate was validated as shown in
Figure 7. The SERS spectra of R6G (1 × 10−8 M) were

collected from center area as marked by rectangle in the inset of
Figure 7. Seen from the five spectra in Figure 7, these SERS
signals randomly collected from the center area in the Ag/Cu
plate exhibited good similarity. Additionally, the relative
standard deviation (RSD) was used to estimate the
reproducibility of SERS signals. The RSD values of signal
intensities of major SERS peaks were observed with the values
below 0.2 in Table S1 in the Supporting Information, revealing
a good reproducibility of Ag nanosheet-assembled film.45

Interestingly, five windows in one Cu slide (quintuplet) could

Figure 5. SERS spectra of R6G adsorbed on Ag films with different
morphologies shown in (a) Figure 4a, (b) Figure 4b, (c) Figure 4c at 1
× 10−6 M.

Figure 6. SERS spectra of R6G adsorbed on the product in Figure 4c
with different concentrations: (a) 1 × 10−4 M, (b) 1 × 10−6 M, (c) 1 ×
10−8 M, (d) 1 × 10−10 M, and (e) 1 × 10−12 M (the inset is a
magnified curve of the SERS spectra at 1 × 10−12 M).

Figure 7. SERS spectra collected from five different spots in the center
area of the Ag/Cu plate (inset image).
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be obtained easily by our method as shown inFigure S5 in the
Supporting Information, and the SERS signals collected in
center area of each windows also showed good similarity.
The quintuplet was also used as SERS substrate to investigate

the relationship between intensities of SERS spectra and R6G
concentrations. Five different concentrations were adopted and
dropped onto these five windows in the experiment, and the
relationship between the intensities and concentrations was
drawn in Figure 8. A linear dependence was found between the

logarithmic concentrations of R6G and the intensities of the
fingerprint peak (1363 cm−1) as shown in eq 4 below, where I
is the peak intensity of the SERS spectra of R6G, and C is the
concentration of R6G.

= +I Clog 4.66 0.21log (4)

4. CONCLUSION
In summary, we have presented a facile and new strategy for
synthesis of Ag nanosheet-assembled film on Cu plate as SERS-
active substrates, where the introduction of Cu2O film as weak
reductive layer and citrate ions as complexing agent made the
growth process under control. The pack density of the Ag
nanosheets on the Cu plate could be simply tuned by adjusting
the concentration of AgNO3. The SERS measurement results
indicated the Ag film with high density of “hot spots” exhibited
excellent performance. A novel quintuplet SERS substrate
synthesized by our method demonstrated good reproducibility
and a linear dependence between concentration and intensity.
Therefore, our work has demonstrated a simple way to
synthesize Ag nanosheet-assembled film as effective SERS
substrate.
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