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Abstract: In this work, we demonstrate a simple method
for the fabrication of silver (Ag) nanosheet-assembled
film on aluminum (Al) foil based on the galvanic displa-
cement reaction between Al and Ag+. In order to obtain
Ag nanosheets with large area and high aggregation density,
both F− and H+ ions were introduced into the reaction
system to etch the barrier layer Al2O3 on Al foils and promote
the increase of the number of Ag nuclei. Therefore, Ag nuclei
grew into nanosheets with citrate ions as the shape control
agent. By varying the reaction parameters, Ag nanosheet
film was optimized for surface-enhanced Raman scattering
(SERS) measurements. The Ag nanosheet film prepared by
the presented method exhibit the advantages of controllable
morphology, good SERS activity, and distribution in large
area, which could be utilized as a promising SERS-active
candidate substrate for analytical applications.

Keywords: Al foil, galvanic displacement, Ag nanosheets,
surface-enhanced Raman scattering

1 Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy
is a highly sensitive and useful analytical technique,
which has been considered to have great potential in
various research fields, such as materials chemistry, ana-
lytical chemistry, and biology [1–7]. Many studies have
shown that when SERS substrates have outstanding enhance-
ment performance, they can be used to detect analytes at very

low concentrations [8,9]. It is well known that the neigh-
boring nanoparticles are so close that they form gaps with
an ultrahigh electromagnetic field, which are called “hot
spots” that provide a possibility for detecting trace molecules
even single molecule [10,11]. For highly sensitive SERS
detection, various kinds of SERS substrates have been fab-
ricated successively, such as metal electrodes [12–14],
island films [15,16], nanoparticles [17,18], and ordered
nanostructures [19–21].

Compared with physical methods, chemical methods
have obvious advantages for the fabrication of SERS-active
substrates, such as noble materials, low-cost, and simple
processes. The galvanic displacement reaction is an attrac-
tive chemical method that can fabricate nanostructure on
solid supports. It is a typical electroless deposition that
takes place in solution. The electrical potential difference
between the cathode and anode is the driving force for the
reaction. For example, the Ag+/Ag pair has higher redox
potential (0.80 V vs standard hydrogen electrode (SHE))
than Cu2+/Cu, Al3+/Al and Zn2+/Zn pairs (0.34, −1.67, and
−0.762 V vs SHE, respectively) [22–25]. Ag nanodendrites
can be prepared by the galvanic displacement reaction of
elemental Cu, Al, and Zn with Ag+ in plating solution
[26–30]. High electromagnetic fields are generated at over-
lapped branches and tips of the branches, so the dendrites
have good SERS activity [22,28,29,31]. However, the reac-
tion rate is usually fast, and the generated Ag dendrites fall
off easily because of weak adhesion between the dendrites
and the substrates, which is a great inconvenience for
SERS experiments. Nanosheets assembled on some sub-
strates such as Cu and Si are also common structures
[32–34]. For metal Al, when it reacts with Ag+ in solution,
reaction Eq. 1 usually occurs but not react in Eq. 2. A thin
oxide layer Al2O3 is formed on the surface of Al foil, which
stops further galvanic displacement reaction. To overcome
the obstacle, F− is has been introduced into the reaction
system. According to the reaction in Eq. 3, the Al2O3 layer
is etched and forms soluble +AlF6

3 ; thus, Al and Ag+ could
react continually in accordance with the reaction in Eqs. 2
and 4 [22,26].
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Anodic:

+ − → +
+2Al 3H O 6e Al O 6H ,2 2 3 (1)

− →
+Al 3e Al .3 (2)

Alumina dissolution:

+ + → +
+ − −Al O 6H 12F 2AlF 3H O.2 3 6

3
2 (3)

Cathodic:

+ →
+Ag e Ag. (4)

In this work, we report a facile method for fabricating
Ag nanosheets by the galvanic displacement reaction of
commercial Al foil with AgNO3. For this aim, NaF was
introduced into the reaction for etching Al2O3. To pro-
mote the formation of Ag+ nanosheets, trisodium citrate
was employed as a shape-controlling agent in the reac-
tion. But trisodium citrate is a salt of a weak acid, and it
can reduce H+ in solution. This is not conducive to the
dissolution of Al2O3 on Al foils. Therefore, HNO3 was
added to compensate for the lack of H+ in the solution.
All Ag nanostructures prepared in this experiment have
very good resistance to washing. Even if the reaction time
lasted up to 2 h, the Ag nanostructures did not peel off
from the surface of Al foils. More importantly, by altering
the experimental conditions, the morphology of the nanos-
tructures was adjustable, and they presented tunable and
good enhancement ability for SERS applications.

2 Materials and methods

2.1 Materials

High purity Al foil (thickness = 0.5mm, purity = 99.999%)
was obtained from the Beijing Trillion Metals Co., Ltd
(Beijing, China). 4-Mercaptopyridine (4-MPy, 96%) was
obtained from Sigma-Aldrich. Ethanol, silver nitrate
(AgNO3, ≥99.8%), trisodium citrate (Na3C6H5O·2H2O, TSC,
≥99.5%), HNO3 (65%), and NaF ( ≥99.0%) were purchased
from the Sinopharm Chemical Reagent Co., Ltd., (Shanghai,
China). Ultrapure water with a resistivity greater than
18MΩ·cm−1 was used throughout the present study. All
the reagents were used as receivedwithout further purification.

2.2 Preparation of substrates

First, Al foil (1 cm × 1 cm) was polished with sandpaper
(500 meshes) and sonicated with water for 3 min. Next, Al
foil was washed with water and dried by N2 flow. The
fabrication process of Ag nanosheets is shown in Scheme 1.

(1) Al foil was put into a vessel. (2) 0.8mL mixed solution
contained 30mM NaF and 15mM HNO3 (NaF/HNO3) were
put into the vessel. The clean Al foil was immersed in
NaF/HNO3 etching solution for 1 min. (3) After that,
1.7mL mixed solution containing 30mM AgNO3 and 3mM
TSC were added into the vessel, and the timing was started.
After the expected reaction time, Al foil was removed from
the reaction mixture, rinsed with water, and dried with N2.
The above experiment was conducted in a fume hood. The
surface of the Al foil was covered by Ag nanosheets.

The Al foils covered with Ag nanosheets were used as
SERS-active substrates. The substrates were immersed in
4-MPy ethanol solution (10−6 M) for 2 h and washed with
ethanol and dried by N2 flow for further use.

2.3 Characterization

The morphologies were characterized using scanning
electron microscopy (SEM, JEOL FESEM 6700F) with an
accelerating voltage of 3 kV. The structures were charac-
terized using transmission electron microscopy (TEM,

Scheme 1: Schematic illustration of preparation process of Ag
nanosheets assembled on Al foil.

Figure 1: XRD Patterns of the products obtained at (a) 0 s and
(b) 60min.
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Figure 2: SEM Images of the products obtained at different reaction time: (a) 5 s, (b) 30 s, (c) 60 s, (d) 5min, (e) 15 min, (f) 30min,
(g) 60min, (h) 1.5 h, (i) 2.0 h, and (j) EDS spectrum of Ag shown in Figure 2g. The scale bar is 1 μm.
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Hitachi H-800) at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) experiments were conducted using a
Rigaku D/max 2500/PC diffractometer with Cu-Kα radia-
tion (λ = 1.5418 A). The SERS spectra were recorded with a
Renishaw 1000 model Raman spectrometer. The radiation
from an air-cooled argon-ion laser (532 nm)was used as an
excitation source. The spot of the laser was a circle with a
diameter of 1 μm.

3 Results and discussion

3.1 Influence of the reaction time on the
morphology

The phase structure of Al foils was characterized before
and after the reaction by XRD. Curve a in Figure 1 shows
the typical diffraction peaks of the Al according to JCPDS
No. 65-2869. After Al reacted with Ag+, the XRD patterns

of the products were exhibited in curve b in Figure 1. With
the increase of reaction time, the peaks from Ag indicate
that the Ag is deposited on Al foils. These peaks of Ag
with face-centered cubic structure come from the index
(111), (200), (220), and (311) (JCPDS No. 04-0783) from left
to right.

Figure A1 (in Appendix) shows the rough surface of
Al foil before and after treatment with NaF and HNO3.
Time-dependent experiments were conducted to under-
stand the formation process of Ag nanosheets. The SEM
images in Figure 2 and their corresponding magnified
images (Figure A2) present the morphologies of Ag
nanosheets that assembled on Al foils at different reac-
tion times. When Al foil reacted with Ag+ for 5 s, some
Ag islands appeared on the surface of Al foil, as shown
in Figure 2a. With further observation, it was found
that the islands were composed of small nanoparticles
and ridge-like protuberances (Figure A2a). These ridge-
like protuberances were actually rudimentary nanosheets.
Previous experiments had revealed the shape-controlling

Figure 3: SEM Images of the products obtained at different concentrations of AgNO3: (a) 10, (b) 20, and (c) 40mM, the reaction time was
30min (scale bar, 1 μm), and (a1–c1) their corresponding magnified images (scale bar, 200 nm).
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role of citrate ions on nanosheets [32,35]. In the initial
stage of the reaction, small Ag nanoparticles were formed,
which acted as nuclei formediating the growth of nanosheets.
At the same time, citrate ionswere adsorbed on the {111} facets
of the Ag nanoparticle and restricted the growth of this plane.
With the prolonging of reaction time, Ag nuclei were formed
into nanosheets [32,35,36]. As shown in Figure 2b and Figure
A2b, the nanosheets had taken shape after the reaction time
of 30 s. The figures demonstrated that the surfaces of the
nanosheets were very rough, and small nanoparticles could
be seen on them.Obviously, with the reaction going on, as the
nanosheets continued to grow, these small nanoparticles
would develop into the nanosheets under the influence of
citrate ions. It could be verified in Figure 2c and Figure A2c.
On large nanosheets, there are small nanosheets besides
small nanoparticles. With the longer reaction time, the nano-
particles were constantly generated and developed into
nanosheets. As a result, the nanosheets were bigger and
increasing in number at the same time. So, the nanosheets

were connected in a parallel and intersection manner
when the reaction time was long enough (Figure 2d–i
and Figure A2d–i). There were sub-10 nm gaps formed
between the adjacent nanosheets assembled in parallel
as the black arrows marked in Figure A2d–i. When the
reaction time was 1 h, the nanosheets were mainly assembled
in parallel and filled almost all the voids. This would directly
lead to the remarkable increase of sub-10 nm gaps. And,
when the reaction time exceeded 1 h, the gaps were reduced
dramatically, especially for 2.0 h (Figure 2h and i and Figure
A2h and i). Thiswasmainly due to the increase of nanosheets,
which led to their fusion. Its EDS spectrum is presented in
Figure 2j.

In addition, a supplementary experiment was per-
formed in this work (Figure A3). When there is no TSC
in the reaction solution, the Ag nanostructures on Al foil
were composed of dendrites. This dramatic difference in
the morphology from Figure 2a–i strongly suggested that
citrate ions played a decisive role in the growth process of

Figure 4: SEM Images of the products obtained at different concentrations of NaF/HNO3: (a) 0, (b) 20/10, (c) 40/20mM, the reaction time
was 30min (scale bar, 1 μm), and (a1–c1) their corresponding magnified images (scale bar, 200 nm).
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Ag nanosheets. The scraped Ag nanosheets were ultra-
sonicated in ethanol, dripped onto a copper grid, and
characterized by TEM. Sheet-like samples were presented
in Figure A4.

3.2 Influence of AgNO3 concentration on the
morphology

In this work, the influence of the AgNO3 concentration on
the morphology of the products was investigated. The
concentration of AgNO3 was respectively 10, 20, and
40mM while keeping the other conditions unchanged.
It was found that the morphology of the Ag products
strongly depended on the concentrations of AgNO3 in
the solution (Figure 3). At the low concentration of
AgNO3 such as 10mM, even though the reaction time
was as long as 30min, the nanosheets were not enough
to effectively cover Al foil (Figures 3a and a1). In contrast,
at 20 and 40mM concentration of AgNO3 in the solution,
the nanosheets were densely assembled (Figure 3b and c
and b1 and c1). Even the voids surrounded by the bigger
nanosheets are almost filled by smaller nanosheets and
nanoparticles. We suggest that the reason for this is the
effect of AgNO3 concentration on the number of Ag nuclei
at the primary and their subsequent growth stage [32,35].
Therefore, with the increase of AgNO3 concentration, the
density of nanosheets, especially nanosheets assembled
in parallel, was significantly increased.

3.3 Influence of the NaF/HNO3 concentration
on the morphology

The influence of NaF/HNO3 on the morphology of the
products was investigated through varying NaF/HNO3

concentration while keeping the other conditions unchanged.
The experimental results are shown in Figure 4. When NaF
and HNO3 in the solution were 0mM, a few scattered Ag
nanoflowers composed with the nanosheets were formed
(Figure 4a). In the absence of NaF and HNO3, Al is easily
oxidized to Al2O3 in solution according to the reaction in
Eq. 1 as previously mentioned [22,26]. Al2O3 could hamper
sufficient contact of Ag+ and Al, so the amount of Ag nuclei
was very small at the primary stage, and the coverage density
of the resulting nanosheets was very low. When the concen-
tration of NaF/HNO3 was increased to 20/10 and 40/20mM,
a large number of nanosheets were covered on the Al foils
(Figure 4b and c). Besides, it was found that lots of the

nanoparticles and the tiny nanosheets are on the side of the
bigger nanosheets (Figures 4c and c1). The reason could
be ascribed to the fact that HNO3 at high concentration
resulted in the etching and roughening of the surface of Ag
nanosheets. So, the nanoparticles and the tiny nanosheets
were constantly formed on the side of the nanosheets. The
obtained experiment proves that the difference in the density
of nanosheets reflected the important role of NaF andHNO3 in
the reaction.

3.4 SERS properties

Figure 5 shows SERS spectra of 4-MPy adsorbed on the
substrates presented in Figure 2. The assignment of the
peaks can be seen in the previous work [37]. As seen in
Figure 5, the SERS intensity of 4-MPy first increased and
then decreased with the reaction time (curves a–i). For
clearer insight into the change of SERS intensity, the
dependence of peak intensity at 1,010 cm−1 with the reac-
tion time was exhibited in Figure 6a. In the initial stage of
the reaction, the nanosheets were only increased in
number and arranged randomly on the Al foils. The
nanosheets can generate strong electromagnetic fields
at their edges and tips, and then enhance Raman signals
[38–40]. Thus, the SERS signal intensity of the nanosheets
fabricated within 0–1 minmostly depended on the number
of the nanosheets. However, after 5min, the new nanosheets
were mainly assembled in parallel and increased with the
reaction time. The parallel nanosheets provide sub-10 nm
gaps as hot spots. The local electromagnetic field can reach
huge values at the hot spots. And the presence of the hot

Figure 5: SERS Spectra of 4-MPy (10−6 M) adsorbed on the
substrates with different morphologies shown in Figure 2a–i,
respectively.
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spots canmake a great contribution to SERS [32,34–36,41,42].
So, when the abscissa was 5min, the intensity value showed
a great jump, and there was an inflection point on the curve.
When the reaction time reached 60min, a new inflection
point appeared. After that, the SERS intensity was sharply
reduced. This was because the sub-10 gaps on the sub-
strates were sharply reduced. During the reaction period
of 5–60min, the SERS intensity had shown a linear corre-
lation with the reaction time. The linear correlation is
shown in Figure 6b and Eq. 5:

= +y x600 4142.5, (5)

where y is the peak intensity of the SERS spectra of 4-MPy
at 1,010 cm−1, and x is the time of galvanic replacement
reaction. Enhancement factor (EF) of Ag nanosheets in
Figure 2g was used to evaluate SERS enhancement ability.
The calculative process for EF was presented in ESI. EF of
the substrate was 3 × 105.

4 Conclusions

In summary, Ag nanosheets with controlled morphology
were prepared by the galvanic displacement reaction. Ag
nanosheets were developed from Ag nuclei, and different
reaction conditions influenced the number of Ag nuclei in
the initial and subsequent growth stages. It can be found
that the appropriate reaction conditions such as reaction
time, reactant concentration became the key to control
the density of silver nanosheets. TSC was employed as
the shape controlling agent to ensure that Ag nuclei grew
into the nanosheets. The high-density parallel nanosheets
were ideal SERS substrates because they provided more
sub-10 gaps as hot spots. This current study proves that
the commercially available Ag, the simple synthetic way,
and good enhancement ability will be helpful for expanding
the prospects of large-scale synthetic Ag nanosheets SERS-based
highly sensitive analysis.
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Appendix

The calculative process for EF [37]:

=

/

/

I N
I N

EF SERS Surf

RS Vol
(A1)

where NVol = cRSV is the average number of molecules in
the scattering volume (V) for the Raman (non-SERS)mea-
surement and NSurf is the average number of adsorbed
molecules in the scattering volume for the SERS experi-
ments. Herein, 50 μL of 4-MPy in ethanol (10−6 M) dis-
perse on Al foil (1 cm × 1 cm). An assumption is made
that 4-MPy is absorbed on the substrate as a homoge-
neous monolayer, and then, the average area occupied
by each 4-MPy is estimated to be 3.3 nm2. The result is enormously larger than the reported unimolecular area of

0.18 nm2 of 4-MPy absorbed on Ag. So, 4-MPy is absorbed
on substrates as a sub-monolayer. The spot of the laser is
a circle with a diameter of 1 μm. NSurf can be calculated to
be 2.36 × 107. The reference used in non-SERS measure-
ment is 0.3 M 4-MPy in ethanol. For the optical config-
uration and microscope employed here, the effective
focused depth is 21 μm, so NVol = cRSV is about 3 × 109.
Figure A4 shows the Raman and SERS spectra of 4-MPy
in solution and on substrates presented in Figure 2h,
respectively. For the vibration mode at 1,010 cm−1, ISERS/IRS
is 2,403 and EF of the substrate is 3 × 105.

Figure A2: SEM images of the products obtained at different reaction time: (a) 5 s, (b) 30 s, (c) 60 s, (d) 5 min, (e) 15 min, (f) 30min, (g) 60min,
(h) 1.5 h, and (i) 2 h (scale bar, 200 nm).

Figure A3: (a) SEM images of the products obtained at TSC 0mM
(scale bar, 1 μm) and (b) its corresponding magnified images (scale
bar, 200 nm).

Figure A1: SEM images of Al foils (a) before and (b) after treatment
with NaF and HNO3 (scale bar, 200 nm).
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Figure A4: TEM image of a broken piece of the Ag nanosheets at different reaction time: (a) 5 s, (b) 30 s, (c) 60 s, (d) 5min, (e) 15min, (f) 30min,
(g) 60min, (h) 1.5 h, and (i) 2 h (scale bar, 500 nm).

Figure A5: (a) Raman spectrum of 0.3 M 4-MPy in ethanol (200× magnification) and (b) SERS spectrum of 10−6 M 4-MPy absorbed on the
SERS substrate presented in Figure 2g.
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