
Journal of
 Materials Chemistry C
Materials for optical, magnetic and electronic devices
rsc.li/materials-c

ISSN 2050-7526

PAPER
Yan Jun Liu, Shouzhen Jiang et al.
Graphene oxide-decorated silver dendrites for high-performance 
surface-enhanced Raman scattering applications

Volume 5 Number 16 28 April 2017 Pages 3859–4086



3908 | J. Mater. Chem. C, 2017, 5, 3908--3915 This journal is © The Royal Society of Chemistry 2017

Cite this: J.Mater. Chem. C, 2017,

5, 3908

Graphene oxide-decorated silver dendrites
for high-performance surface-enhanced Raman
scattering applications†

Litao Hu,ab Yan Jun Liu, *a Yanshun Han,c Peixi Chen,b Chao Zhang,b

Chonghui Li,b Zhengyi Lu,b Dan Luoa and Shouzhen Jiang*b

We demonstrate graphene oxide (GO)-decorated Ag dendritic nanostructures on a copper substrate for

surface enhanced Raman scattering (SERS) applications. The Ag dendrites (AgD) were synthesized

through a facile and low-cost galvanic replacement reaction of Ag nitrate solution and copper foils. The

AgD/Cu was further decorated with GO by a dip-coating method. The GO-decorated AgD exhibited a

much higher SERS activity in terms of sensitivity, signal-to-noise ratio and stability compared with non-

decorated AgD, indicating that the GO/AgD/Cu substrates could be potentially useful for highly sensitive

molecule detecting applications.

1. Introduction

Nowadays, our modern society presents an ever-increasing need
in technological advances for applications such as life care,
environmental monitoring, food safety, and security. Surface-
enhanced Raman scattering (SERS) spectroscopy appears as
a highly promising analytical tool in this direction due to its
unprecedented capability with label-free, highly-sensitive, surface-
selective, and multiplexed analysis.1–3 As is known, the SERS
signals are heavily dependent on the substrates. Various types
of substrates have been designed and developed to enhance the
SERS sensitivity for practical applications.4–12 Among them, noble
metal-based substrates have demonstrated superior SERS activity
since tremendous hot spots can be created in noble metallic
nanostructures, which provide an extremely strong electromag-
netic field around the hot spots due to the excitation of surface
plasmons.10–12 This plasmon-induced field enhancement under-
pins SERS for the highly-sensitive detection and analyses of
different analytes.

Thus far, various types of SERS substrates based on noble
metallic nanostructures have been heavily investigated.13–16

The determining factors that govern the final success of a SERS
sensor ultimately lie in the facile, low-cost substrate fabrication
and the high-performance SERS activity. Among those noble
metals, Ag stands out given the fact that Ag nanostructures not

only have an easy fabrication/synthesis but also demonstrate
superior SERS activity. Ag-based SERS substrates can be fabricated
in many different ways, such as electrochemical deposition,17

chemical vapor deposition (CVD),18 micro/nano-fabrication,19

and chemical synthesis.20 Various morphologies, such as nano-
particles,21 nanocubes,22 nanoplates,23 and nanostars,24 have
been extensively tested as SERS substrates. Compared with other
nanostructures, the Ag dendrite—a hierarchical nanostructure
that consists of multi-level branches—has attracted particular
interest due to its unique optical, electrical and catalytic
characteristics.25,26 Though the growth mechanism of dendritic
silver nanostructures is still under debate, it has been widely
accepted that such nanostructures result from two combined
growth mechanisms: Ostwald ripening (OR) and oriented
attachment (OA). Recently, we have proposed and discussed
the growth mechanism in detail based on the morphological
evolution.27 Such complex nanostructures can provide a huge
amount of ‘‘hot spots’’ at the end of branches or the junctions
of adjacent Ag branches,28 which are particularly favorable for
SERS detection.29,30 Ag dendrites have also been investigated
for other potential applications such as biochemical sensors,31,32

catalysis,33 and superhydrophobic surfaces.34

Compared to Au, whose plasmonic resonance is damped
by the interband transitions, Ag is thought to be an ideal
Raman enhancing material in terms of high efficacy and cost-
effectiveness.30,35 However, Ag suffers from its tendency to
oxidation, posing serious limitations for its use as a reliable,
reproducible long-term SERS substrate. Moreover, spurious
signals induced by the Ag nanostructure itself may also cause
additional fluctuation, reducing the signal-to-noise ratio of
SERS measurement.
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Graphene, as a two-dimensional nanomaterial reported since
2004,36 has also demonstrated promising potential for SERS
sensing applications since because it could adsorb and concen-
trate the target molecules and magnify the SERS signal.37,38 As
one of the most important graphene derivatives, graphene oxide
(GO) has superior bio-compatibility and chemical stability due to
a large quantity of hydrophilic oxygenated functional groups,39,40

which is much more significant for the selective adsorption of
molecules and stable SERS signals with perfect bio-compatibility,
homogeneity and chemical stability.

Given the aforementioned reasons, marriage of Ag nano-
structures and graphene or its derivatives has emerged as an
excellent candidate for SERS materials and gained increasing
attention in the past few years.41–53 For instance, Ag-decorated
GO or GO-covered Ag substrates have been used for detecting
aromatic molecules by exploiting the strong interaction between
these molecules with the graphene surface.45–48 Thus far, previous
studies have focused mainly on coating Ag nanoparticles on
a planar surface. GO-decorated Ag dendritic nanostructures
have been rarely studied. The hierarchical structure of the
GO-decorated Ag dendrite could make it an excellent candidate
material for SERS, enabling even better sensitivity and stability
compared to other GO–Ag structures.

In this paper, we investigate the GO-decorated Ag dendritic
nanostructures on a copper substrate for SERS applications.
Compared with the AgD/Cu substrate, the GO/AgD/Cu substrate
shows much better performance in terms of sensitivity, signal-
to-noise ratio, uniformity, and stability. The minimum detected
concentration from the GO/AgD/Cu substrate of R6G can reach
10�11 M, which is one order of magnitude lower than that from
AgD/Cu substrate. Experimental results also show that GO
decoration can effectively prevent the oxidation of Ag dendrites
and hence enable the long-term stability of the SERS signal.

2. Experimental

Fig. 1 shows the schematic preparation processes of the GO/AgD/Cu
substrate. The Cu foils were cut into pieces with the size of
1 cm � 1.5 cm and washed subsequently 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% by weight diluted sulfuric acid for 3 min to remove surface
oxides and then thoroughly rinsed with DI water. The pretreated
Cu foils were immersed into an aqueous solution of AgNO3

with a concentration of 10 mM for 5 min and the galvanic
replacement reaction took place. The Ag ions from the solution
were continuously reduced by Cu atoms through electron transfer
from the underlying Cu atoms, and the reduced Ag atoms were
then deposited on the Cu surface. As the reaction continued,
Ag dendritic nanostructures gradually formed on the Cu foils.
Next, GO dispersion with the concentration of 0.4 mg ml�1 was
immediately spin-coated on the AgD/Cu substrate at 2000 rpm for
45 s, forming the GO/AgD/Cu substrate.

The morphologies of the AgD/Cu and GO/AgD/Cu substrates
were observed under a scanning electron microscope (SEM,
Zeiss Gemini Ultra-55). The elemental analysis was carried out
using the energy dispersive spectroscopy (EDS) for both AgD/Cu
and GO/AgD/Cu substrates. The SERS spectra were recorded
with a Raman spectrometer (Horiba HR-800) with laser excita-
tion at the wavelength of 532 nm. The excitation laser beam of
the Raman spectrometer had a focused spot size of about 1 mm
in diameter at the excitation plane by passing through a
50� objective lens. The effective excitation power of the laser
source was kept at 0.5 mW.

3. Results and discussion

The morphologies of the as-synthesized AgD and GO/AgD
composite were observed by SEM. Fig. 2(a and b) show the
typical SEM images of the as-synthesized AgD/Cu substrate.
It can be clearly seen that AgD nanostructures that consist
of one central stem with numerous side branches are formed
by the galvanic replacement. The large-area and uniform AgD
nanostructures can be grown on the Cu substrate, which can be
confirmed via SEM images [see Fig. S1(a and b)] in the ESI.†
Fig. 2(c) and (d) are the typical SEM images of the GO/AgD/Cu
substrate. We can see that the observed morphologies of the
GO-decorated AgD become blurred in contrast to the as-synthesized
one, which is caused by the electron charging effect since the GO

Fig. 1 Preparation processes of the GO/AgD/Cu substrate.
Fig. 2 Typical SEM images of the AgD/Cu substrate (a and b) and the
GO/AgD/Cu substrate (c and d).
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has very poor electrical conductivity. This also indicates the cover-
age of GO on AgD. The GOs show a sheet-like shape, as shown in
Fig. S1(c) (ESI†). From Fig. S1(c) (ESI†), with the increase of the
number of the GO layers, the color becomes gradually dark. The GO
layer is estimated to be B50 nm from the cross-sectional SEM
image of the GO/AgD/Cu substrate [see Fig. S1(d), ESI†]. From
Fig. S1(d) (ESI†), we can see that the AgD layer shows a micro-
scopically rough surface and the GO layer is almost conformally
coated on the AgD/Cu substrate, indicating a reasonably uniform
coating. The EDS spectra in Fig. 3 clearly show that there are
additional C and O elements in the GO/AgD/Cu material compared
to the as-synthesized AgD/Cu substrate, indicating the successful
preparation of the GO/AgD/Cu substrate.

To further confirm the GO decoration, we carried out the
Raman spectral measurement of the AgD/Cu and GO/AgD/Cu
substrates, respectively, as shown in Fig. 4(a) and (b). In contrast,
the GO/AgD/Cu substrate shows two obvious Raman peaks at
B1356 andB1601 cm�1, which correspond to the D and G bands
of GO that are related to the vibrations of sp3 and sp2 carbon
atoms of the disordered GO, respectively.54,55 This observa-
tion further confirms the successful decoration of GO on AgD.

Fig. 4(c) and (d) show Raman mapping of 1356 and 1601 cm�1

peaks of GO over an area of 20 � 20 mm2 on the GO/AgD/Cu
substrate. A relatively uniform color mapping can be observed
at both peaks, indicating an even distribution of GO on the
GO/AgD/Cu substrate.

Rhodamine 6G (R6G) was used as the probe molecule to
evaluate the SERS performance of the GO/AgD/Cu substrate.
For comparison, Raman spectra of R6G molecules absorbed
on the AgD/Cu substrates before and after GO decoration were
recorded, and the typical results are presented in Fig. 5.
Fig. 5(a) shows the SERS spectra of R6G molecules from the
AgD/Cu substrate with various concentrations of 10�6, 10�7,
10�8, 10�9, and 10�10 M, respectively. The observed Raman
peaks at 612, 773, 1183, 1311, 1365, 1510 and 1650 cm�1 are in
good agreement with previous reports for R6G.55–57 In order to
facilitate comparison and observation, these Raman spectra
have been smoothed. Fig. 5(b) shows the Raman spectra of
R6G molecules from the GO/AgD/Cu substrate with different
concentrations, which exhibits clearly that the GO/Ag/Cu sub-
strate is superior to the AgD/Cu substrate in terms of the
enhancement effect. We can see that for the GO/Ag/Cu substrate,
the characteristic signals of R6G are still distinguishable at the
concentration of 10�11 M, which is one order of magnitude lower
than that for the AgD/Cu one. This detection sensitivity is
also higher than many other reported ones of the AgD-based
composites.28,58 Fig. 5(c) shows the relationship between Raman
intensity and concentrations for both AgD/Cu and GO/AgD/Cu
substrates at the selected peak of 612 cm�1. Both substrates show
an excellent linear response, indicating that they could be further
utilized to quantitatively calculate the concentration of the detec-
tion analyte using SERS. Comparatively, the GO/AgD/Cu substrate
shows slightly better linear response than the AgD/Cu one, which
could be mainly attributed to the reduced border effect due to the
existence of GO, making the R6G molecules absorbed on the
surface more evenly. From Fig. 5(c), we also note that the AgD/Cu
and GO/AgD/Cu substrates demonstrate slightly different slopes.
The slope indicates the sensitivity of the SERS substrate. For the
AgD/Cu substrate, the sensitivity is mainly determined by the
number of ‘‘hot spots’’ that are produced by excitation of surface
plasmons, referring to the electromagnetic enhancement. While
for the GO/AgD/Cu substrate, the sensitivity is rather determined
by a combination of chemical enhancement of GO and the number
of ‘‘hot spots’’ of AgD. It has been known that electromagnetic

Fig. 3 EDS spectra of the AgD/Cu substrate (a) and the GO/AgD/Cu substrate (b).

Fig. 4 Measured Raman spectra of the (a) AgD/Cu and (b) GO/AgD/Cu
substrates. Raman mapping of (c) 1356 and (d) 1601 cm�1 peaks of GO on
the GO/AgD/Cu substrate were implemented over an area of 20 � 20 mm2.
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enhancement plays a dominant role (with a significant difference
of multiple orders of magnitude on the enhancement) compared
to the chemical one.59 In our case, although the addition of the
GO layer provides an additional enhancement, the addition of the
GO layer also decreases the interaction between molecules and
‘‘hot spots’’. As a result, the slope slightly decreases with the
addition of the GO layer.

Fig. 6 shows the raw Raman spectra of R6G with a concen-
tration of 10�8 M adsorbed on the AgD/Cu and GO/AgD/Cu
substrates, respectively. Obviously, the signal-to-noise ratio is
significantly improved and the fluorescence background is
greatly suppressed in the SERS spectra for the GO/AgD/Cu
substrate. The addition of the graphene oxide layer isolates
the R6G molecules from AgD and the spurious SERS signals
from various possible metal–molecule interactions can therefore
be suppressed. More importantly, the signal intensity from the
GO/AgD/Cu substrate is remarkably increased compared to the

AgD/Cu one. As a comparison, the SERS signals from the
GO/AgD/Cu substrate at 612 cm�1 and 773 cm�1 are 2.4 times
and 2.7 times stronger than that from the AgD/Cu one, respectively.
To quantify the enhancement contribution from GO, we calculated
the enhancement factor (EF) based on the following formula:60

EF ¼ ISERS=NSERS

IRS=NRS

where ISERS and IRS are the intensities of the same band, and
NSERS and NRS are the numbers of R6G molecules illuminated by
the laser spot under SERS and the normal Raman condition,
respectively. According to the above formula, the average EF is
calculated to be 7.2 � 106 for the AgD/Cu substrate. Similarly,
the EF for the GO/AgD/Cu substrate is calculated to be 1.6 � 107.
As a result, the EF for the GO/AgD/Cu substrate shows a 2.2-fold
enhancement compared to the AgD/Cu one. We believe that this
additional SERS enhancement results from two major factors.
One factor is the chemical enhancement caused by the GO layer.
Chemical enhancement is a short-range effect that requires the
molecule to be in contact with or in close proximity to the
substrate to allow charge transfer between the molecules and
the substrate. The chemical enhancement of GOs arises from
p–p stacking and charge transfer from the lone-pairs of electrons
on the oxygen-containing functional groups of GOs to the probe
molecules.61–63 The other factor is the large surface-to-volume
ratio induced by the Ag dendritic nanostructures. This further
helps increase the GO–molecule interaction area and physical
adsorption upon the addition of the GO layer. As a result, these
two effects contribute collectively to the observed additional
SERS enhancement.

For SERS applications, in addition to high sensitivity,
reproducibility and stability are usually another major concern.

Fig. 5 Measured Raman spectra of R6Gmolecules on the (a) AgD/Cu and (b) GO/AgD/Cu substrate with different concentrations. (c) The corresponding
plots of Raman intensity as a function of concentration at 612 cm�1.

Fig. 6 Measured Raman spectra of R6G with a concentration of 10�8 M
adsorbed on the AgD/Cu and GO/AgD/Cu substrates.
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For the reproducibility test, we carried out the collection of the
SERS signals from randomly selected positions spacing larger
than 2 mm for evaluation. Fig. 7(a) shows the measured SERS
spectra of R6G molecules with the concentration of 10�7 M
at 20 different positions on the GO/AgD/Cu substrate. The
observed spectral profiles of Raman bands from different
positions are very similar. There is neither an obvious shift of
the major Raman peaks nor a significant change of the Raman
intensity, indicating that the GO/AgD/Cu substrates are highly
reproducible. The spot-to-spot intensity variation of the charac-
teristic peak at 612 cm�1 for the GO/AgD/Cu substrate can be
further quantitatively analyzed, as shown in Fig. 7(b). The red

line represents the averaged intensity of 20 spectra and the
green zone represents �5% intensity variation. The intensity
deviation of the SERS spectra with respect to the average
intensity is given by the formula:

D ¼ DI

I
� 100% ¼ I � I

�
�

�
�

I
� 100%

where D represents the intensity deviation of the characteristic
612 cm�1 peak at the GO/AgD/Cu substrate, I is the peak
intensity and

�
I is the average peak intensity. Calculations for

the 20 data points show that the intensity deviation is less
than 6%, further confirming the high reproducibility of the
GO/AgD/Cu substrate. This proves that although the AgD layer
on the Cu substrate shows a microscopically rough surface [see
Fig. S1(d), ESI†], it does not affect the SERS performance
macroscopically, hence making the GO/AgD/Cu substrates highly
promising for reproducible, cost-effective SERS applications.

In our design, in addition to the SERS enhancement, we also
expect the GO decoration to serve as a protective layer that
prevents the Ag dendrites from oxidation. The long-term stability
of the GO/AgD/Cu substrate was therefore examined. Fig. 8(a) and
(b) show the SERS spectra of R6G with the concentration of
10�7 M absorbed on the as-synthesized AgD/Cu and GO/AgD/Cu
substrates by exposing them to the ambient air environment for
0 day and 20 days, respectively. For the GO/AgD/Cu substrate, the
characteristic peak intensity at 612 cm�1 decreases from 11681
to 10935, i.e. 6%, after 20 days, which is still in the position-
dependent variation range of 6%. We can therefore conclude
that there is no significant change in the SERS intensity for the
GO/AgD/Cu substrate, demonstrating excellent stability. In contrast,
the SERS signal intensity at the same spectral position has a drastic
drop for the AgD/Cu substrate, which is decreased from 4128 to
2885, i.e. 30%, which is far beyond the variation range. This
comparison confirms that GO decoration has greatly enhanced
long term stability due to its outstanding and unique chemical
properties. To further confirm the protection role of the GO layer,
we further carried out the XPS test for the prepared substrates, as
shown in Fig. S2(a–c) in the ESI.† Fig. S2(a and b) (ESI†) shows the
XPS results for one AgD/Cu substrate exposed to the ambient air
environment for 7 and 30 days, respectively. The respective atom
ratios of Ag and O are estimated to be 87.74% and 65.26%,
indicating that AgD has been further oxidized after long-time

Fig. 7 (a) Measured SERS spectra of R6G molecules with the concen-
tration of 10�7 M at 20 different positions on the GO/AgD/Cu substrate.
(b) Spot-to-spot intensity variation of the characteristic peak at 612 cm�1

for the GO/AgD/Cu substrate.

Fig. 8 Measured SERS spectra of R6G with the concentration of 10�7 M absorbed on the as-synthesized AgD/Cu and GO/AgD/Cu substrates by
exposing them for (a) 0 day and (b) 20 days.
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exposure. Fig. S2(c) (ESI†) shows the XPS result for a GO/AgD/Cu
substrate. We can see that the signal for Ag at the GO-coated
substrate is quite weak. This is due to the addition of the GO layer,
which limits the detection depth of XPS. As a result, it is difficult to
directly compare and analyze the Ag to O ratio in such a case and
achieve the information about the Ag oxidation. However, we could
induce the information of Ag oxidation by comparing the stabilities
of SERS signals from AgD/Cu and GO/AgD/Cu substrates. Fig. S2(d)
(ESI†) shows the comparison result of the AgD/Cu and GO/AgD/Cu
substrates that are exposed to the ambient air environment for 0, 7,
14, 21, and 28 days. It can be clearly seen that the GO/AgD/Cu
substrate has demonstrated much better stability than the AgD/Cu
one, indicating that the GO layer indeed helps protect the AgD layer
from oxidation.

4. Conclusion

We have demonstrated an excellent GO/AgD/Cu SERS substrate
based on a facile and low-cost method. It has a minimum
detection concentration of R6G as low as 10�11 M, which is one
order of magnitude lower than the AgD/Cu substrate. Our
experimental results showed that the decorated GO layer not
only helps further enhance the SERS performance, but also
protects Ag dendritic nanostructures from oxidation. The GO/
AgD/Cu substrate possessed superior SERS performance in
terms of sensitivity, uniformity, signal-to-noise ratio and stability.
These advantageous features make the GO/AgD/Cu substrates
highly promising for analytical purposes in SERS applications.
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