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Surface-enhanced Raman spectroscopy (SERS) as a powerful analytical tool has gained extensive attention. 
Despite of many efforts in the design of SERS substrates, it remains a great challenge for creating a universal sub-
strate with long-term stability and reproducible SERS signals. In this work, Ag nanocubes and graphene oxide (GO) 
suspension were mixed to form a stable solution and further vacuum filtrated to obtain a free-standing hybrid paper. 
The Ag/GO hybrid papers exhibit excellent SERS activity because of the synergistic effect of Ag nanocubes and 
GO sheets. GO sheets can act as both SERS enhancement substrate and framework for supporting Ag nanocubes. 
Moreover, GO sheets can protect Ag nanoparticles from oxidation under ambient condition for prolonged life time 
SERS substrate. Furthermore, we demonstrate the use of the free-standing and flexible Ag/GO hybrid paper to en-
able direct, real-time and reliable detection of trace amounts of analytes in aqueous systems. This novel SERS sub-
strate is expected to be applied in real-time analysis and expands the flexibility of SERS for useful applications in 
the materials and life science. 
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Introduction 

Surface-enhanced Raman scattering (SERS) has at-
tracted much attention because of high sensitivity for 
the analysis of various molecules at low concentrations, 
and has been widely demonstrated as a powerful ana-
lytical technique for ultra sensitive chemical or bio-
chemical analyses.[1-7] The impressive sensitivity of 
SERS over Raman spectroscopy stems from two en-
hancement mechanisms, namely electromagnetic and 
chemical enhancements. Electromagnetic mechanism is 
based on the enhancement of the local electromagnetic 
field (usually called hot-spots), which is mainly due to 
the excitation of localized surface plasmon resonances 
(LSPR) on the metal surface.[8-11] Thus, the applications 
of SERS technique depend strongly on the LSPR prop-
erties of the nanostructured metal. Ag compared with 
other metals is the most promising, and indeed the most 
widely used material in plasmonics. It has been shown 
that localized electromagnetic fields are the most in-
tense near regions with large radius of curvatures (sharp 
tips/edges) or having high asperities. In this regard, 
compared with sphere ones, other Ag architectures such 

as nanocubes or octahedral give rise to stronger SERS 
signals.[12,13] On the other hand, the chemical enhance-
ment arises from the formation of a charge transfer 
complex that increases the polarizability of the molecule 
and produces an increase in the Raman scattering by 1 
to 2 orders of magnitude.[14-16] 

Graphene, a single layer of sp2 carbon network ar-
ranged in a perfect honeycomb lattice, has been exten-
sively investigated because of its excellent mechanical 
and electrical properties.[17-23] Besides the abundant the-
oretical and experimental interests in its electronic 
properties, graphene is also a rising star in SERS.[24-26] 
Importantly, it has been shown that the most efficient 
chemical enhancement occurs for imperfect graphene, 
i.e. graphene possessing charge transfer groups. Thus, 
graphene oxide (GO), oxidized form of graphene, has 
become an ideal candidate for SRES substrate because 
of its distinct physical properties, which is derived from 
its unique chemical structure composed of segregated 
sp2 carbon domains among sp3 carbons presenting vari-
ous oxygen containing functional groups.[27] Chemical 
enhancement is thought to originate from the π-π inter-
actions and charge transfer from oxygen-rich functional 
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groups on GO.[25] Mildly reduced GO has also been 
shown to lead to enhancement factors around 103, im-
plying that GO is a promising material for SERS appli-
cations.[26] 

Given the superior SERS capabilities of both metal-
lic nanoparticles and graphene based materials, there are 
increasing studies focused on investigating the SERS 
efficiencies of composites of metallic nanoparticles and 
graphene. SERS signals arising from graphene/metal 
hybrid structures are also shown to have stronger SERS 
signals when compared to the individual compo-
nent.[28-37] Especially, SERS on Ag nanoparticle/GO 
hybrids has been investigated because of their amenable 
surface, large surface area, and high SERS activity. 
Several investigations have been carried out to synthe-
size Ag nanoparticle/GO hybrids both in solution 
phase[36] and on solid substrates,[37] indicating they are 
excellent candidates for SERS based sensors. However, 
among the extensive reports on the SERS capabilities of 
graphene-based metal nanoparticle hybrid materials, 
most of the Ag nanoparticles reported previously are 
spherical ones. Besides, the instability of Ag nanoparti-
cles to oxidation under ambient condition still remains 
an important issue. Moreover, most of the substrates 
need external support such as silicon wafers, and a 
SERS substrate with a more flexible form and better 
universality is still lacking. The availability of a flexible 
substrate which can give stable and reproducible SERS 
response has remained a bottleneck for extending fur-
ther applications of SERS. 

In this study, we fabricated a free-standing and flex-
ible SERS substrate with uniform, stable, reproducible 
and highly sensitive SERS signals. In our strategy, Ag 
nanocubes and GO suspension were mixed to form a 
stable solution and further vacuum filtrated to obtain a 
free-standing Ag nanocube/GO hybrid paper, which can 
be directly used as the SERS substrate without any ex-
ternal support. GO sheets can act as not only synergistic 
enhancement substrate, but also framework for support-
ing Ag nanocubes, as well as anti-oxidation sheath pre-
venting Ag nanocubes from oxidation under ambient 
condition. Moreover, the formation of hot-spots be-
tween gapped Ag nanocubes will not be affected since 
GO sheets exhibit great permeability for the elec-
tromagnetic fields to pass through. This novel SERS 
substrate is expected to serve as flexible and high per-
formance SERS platform, providing new opportunities 
for efficient chemical and biological sensing applica-
tions. 

Experimental 

Materials 

Natural graphite powder (325 mesh) was purchased 
from Alfa-Aesar. Silver nitrate (AgNO3, 99%), cop-
per(II) chloride (CuCl2), 3-amino-1-propanethiol 
(NH2CH2CH2CH2SH), 1,5-pentanediol and poly(vinyl 
pyrrolidone) (PVP, Mw≈55000 g/mol) were all ob-

tained from Sigma-Aldrich. Rhodamine 6G (R6G) from 
Sigma-Aldrich was used as Raman probes. All chemi-
cals were used as received without further treatment. 
Deionized water (resistance＞18.0 MΩ•cm1) was used 
through out all the experiments. 

Synthesis of GO and Ag nanocubes 

Graphite oxide was synthesized from natural graph-
ite powder by a modified Hummers method.[38] Exfolia-
tion was carried out by sonicating 0.5 mg•mL1 graphite 
oxide dispersion under ambient condition for 30 min. 
The resulted homogeneous dispersion (GO) colored 
yellow-brown was diluted to 0.05 mg•mL1 for further 
use. 

Silver nanocubes were synthesized according to a 
method as reported previously.[39] In brief, silver nitrate 
(0.20 g) and copper(II) chloride (0.08 mg) were pre-
pared separately in 10 mL 1,5-pentanediol. The chemi-
cals were sonicated and vortexed repeatedly to dissolve 
them. 35 µL CuCl2 solution was then added to AgNO3 
solution. In a separate vial, PVP (0.20 g) was dissolved 
in 1,5-pentanediol (10 mL). All solutions were dis-
solved using ultrasonic baths. Using a temperature- 
controlled silicone oil bath, 1,5-pentanediol (20 mL) 
was heated for 10 min in a 190 ℃ oil bath. The two 
precursor solutions were then injected into the hot reac-
tion flask at the following rates: 500 μL of the silver 
nitrate solution every minute and 250 μL of the PVP 
solution every 30 s. This addition was stopped once the 
solution turned to opaque (in about 20 min). The prod-
uct was purified by repeated filtration and washing with 
ethanol, and redispersed in ethanol for further use. 
Amino-modified Ag nanocubes were prepared by ex-
changing PVP with 3-amino-1-propanethiol in a 10 
mmol/L ethanol solution, which was stirred for 12 h at 
room temperature under a stream of nitrogen to mini-
mize oxidation. After repeatedly centrifuging and 
washing with ethanol and water, amino-modified Ag 
nanocubes were redispersed to 0.05 mg•mL1 in DI wa-
ter under sonication for 0.5 h. 

Fabrication of Ag nanocube/GO hybrid papers 

A designed amount of Ag nanocube suspension 
(0.05 mg•mL1) was added to GO suspension drop by 
drop, and the resulting mixture was sonicated for an-
other 2 h. Subsequently, the mixed suspension contain-
ing Ag nanocubes and GO was vacuum-filtrated 
through a PVDF membrane filter (220 nm pore size, 
Durapore® from Sigma-Aldrich). The weight ratios of 
Ag nanocubes to GO varied to 4/1, 2/1, 1/1 and 1/2, 
respectively, while the total weight was kept constant. 
To obtain a free-standing hybrid paper, the paper was 
dried at room temperature, and then carefully peeled off 
from the membrane filter. For comparison, neat GO 
paper was also fabricated in a similar way. To simplify, 
the fabricated Ag nanocube/GO hybrid papers with dif-
ferent weight ratios were denoted as AG41, AG21, 
AG11 and AG12, respectively. 
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Characterization 

Field emission scanning electron microscopy (FE-
SEM) characterization was conducted with a JSM- 
7600F SEM at an accelerating voltage of 5 kV. Trans-
mission electron microscopy (TEM) observation was 
performed with a JEOL 2100 TEM under an accelerat-
ing voltage of 200 kV. Tapping mode atomic force mi-
croscopy (AFM) images were taken using a scanning 
probe microscope Nanoscope IV (Digital Instruments). 
The surface charge of the oppositely charged GO sheets 
synthesized was measured using a ζ–potential analyzer 
(Malvern, Zetasizer Nano ZS). X-ray photoelectron 
spectroscopy (XPS) spectra were measured using a 
Phoibos 100 spectrometer with a monochromatic Mg 
X-ray radiation source. All XPS spectra were fit using 
XPS Peak 4.1 software. Raman spectroscopy was ob-
tained by the Raman touch microspectrometer (Nano-
photon Inc, Osaka, Japan). All experiments were carried 
out with a 100×objective lens (NA＝0.9) and taken 
using 10 s acquisition time between 127 and 2672 cm1 
with an excitation wavelength of 532 nm. For all the 
SERS spectra presented here, each spectrum is the av-
erage of ten SERS spectra and has undergone baseline 
subtraction. 

Results and Discussion 

GO sheets and Ag nanocubes were separately pre-
pared for this study. GO sheets were prepared using a 
modified Hummer’s method,[38] in which graphite oxide 
was subjected to chemical exfoliation and ultrasonica-
tion. The as-obtained GO sheets are rich in oxygen-rich 
functional groups, including epoxy, hydroxyl (OH) and 
carboxyl (COO) moieties.[40] These oxygen-rich func-
tional groups impart a negative charge to the GO sheets, 
with a ζ–potential of the aqueous suspension of GO 
sheets measured to be 45 mV. The morphology of GO 
is further characterized by atomic force microscopy 
(AFM). AFM image of the GO sheets (Figure 1a, b) 
clearly illustrates a perfect platelet structure with a 
thickness of about 1 nm and the lateral size is in a range 
of several dozens to hundreds of nanometers. Separately, 
Ag nanocubes were synthesized via a polyol reduction 
method, using 1,5-pentanediol as solvent at near-reflux 
temperature in the presence of poly(vinylpyrrolidone) 
(PVP) as a stabilizing agent.[32] As shown in Figure 1c, 
the as-prepared Ag nanocubes are highly monodisperse, 
with average edge lengths of 121±7 nm. Amino-modi-
fied Ag nanocubes were further prepared by exchanging 
PVP with 3-amino-1-propanethiol, since the amino 
groups can form stronger electrostatic interactions with 
GO sheets and can form much more stable suspensions 
in water. These amino-modified Ag nanocubes were 
determined to be positively charged in aqueous solution, 
with a ζ–potential measured to be ＋33 mV.  

In this study, a homogeneous suspension of Ag/GO 
hybrid was prepared by a direct self-assembly method, 
which is schematically illustrated in Figure 2a. Figure 2 

 

Figure 1  (a) AFM image of GO, (b) corresponding height pro-
file, and (c) SEM image of Ag nanocubes. 

illustrates the dispersibility of GO, amino-modified Ag 
nanocubes and Ag/GO (2/1, w/w) hybrid after settling 
for two weeks. The stability of the as-obtained GO sheet 
and amino-modified Ag nanocube dispersion is pretty 
good. For the case of Ag/GO (2/1, w/w) hybrid, no pre-
cipitation and stratification are observed at the bottom 
of the vial, as shown in Figure 2d. Through these, it can 
be concluded that GO sheets may act as unique two- 
dimensional (2D) dispersants for homogeneously dis-
persing Ag nanocubes in water, indicating strong elec-
trostatic interactions between negatively charged GO 
sheets and positively charged amino-modified Ag 
nanocubes inside the hybrids.[41,42] Direct evidence for 
the effective hybridization of Ag nanocubes with GO 
sheets can be obtained by TEM observations (Figure 
S1). As shown in Figure S1a, the GO sheets clearly il-
lustrate a flake-like shape with some wrinkled and 
folded sheet structures at the edge. For Ag/GO hybrids, 
the Ag nanocubes are evenly anchored on both sides of 
2D GO sheets, which help to prevent Ag nanocubes 
from agglomeration and enable a good dispersion of Ag 
nanocubes over its support, as shown in Figure S1b. 
Similarly, the presence of Ag nanocubes also greatly 
prevents the restacking or agglomeration of GO sheets. 
However, with the increase of Ag nanocube amount, 
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much more Ag nanocubes can be observed on GO 
sheets and some Ag aggregates are formed on the GO 
sheets, which are favorable for the formation of 
hot-spots between adjacent Ag nanocubes. Meanwhile, 
the arrangement of Ag nanocubes on GO sheets is ob-
served to be not very close. Therefore, there are still 
some spaces between Ag nanocubes for the enrichment 
of the Raman probes in the procedure of SERS detec-
tion. 

 

Figure 2  (a) Schematic illustration for the self-assembly of GO 
sheets and amino-modified Ag nanocubes. Digital images show-
ing the dispersion of (b) GO, (c) amino-modified Ag nanocubes, 
and (d) Ag/GO 2-1 hybrid in water. The image shows the disper-
sions after settling for two weeks. 

Vacuum filtration of stable GO and Ag/GO hybrid 
dispersions through a membrane filter can form uniform 
films. The thickness of the film can be adjusted from 
dozen of nanometers to tens of micrometers by chang-
ing the volume and concentration of dispersion.[43-46] 
The fabrication of Ag/GO hybrid papers with Ag nano-
cubes parallel arranged graphene frameworks is illus-
trated in Scheme 1. Neat GO sheets were also vacuum 
filtrated in a similar way. As shown in Scheme 1, a ho-
mogeneous dispersion of Ag/GO hybrids was vacuum 
filtrated onto a filter, with a preferential plane orienta-  

Scheme 1  Schematic illustration for the fabrication of free- 
standing Ag/GO hybrid papers and possible mechanism for the 
formation of hot-spots 

 

tion of 2D GO sheets due to vacuum pressure upon fil-
tration. A paper-like film adhering on the filter was then 
obtained, and the thickness of the resultant film can be 
easily tailored by varying the volume of dispersions for 
filtration. As seen from the digital photos in Figure S2, 
Ag/GO hybrid papers are adhered to the filters in a good 
condition. After dried at room temperature, free-stand-
ing GO and Ag/GO hybrid papers can be easily peeled 
off from the filter. However, when further increasing the 
weight ratio of Ag nanocubes (e.g. AG41), it becomes 
too brittle to form a paper-like film (Figure S2c). 

In order to investigate microscopic morphologies of 
these papers, SEM observation was carried out on both 
surfaces and cross-sections of neat GO and Ag/GO hy-
brid papers, as shown in Figure 3 and Figure 4, respec-
tively. Neat GO paper exhibits a rough surface with the 
edges of some GO sheets wrinkled and tilted up. For 
Ag/GO hybrid papers, it can be clearly observed that 
large amounts of silver nanoparticles with diameter of 
ca. 120 nm are uniformly embedded in GO sheets, 
which is consistent with the TEM observations (Figure 
S1). Although the surface of Ag/GO hybrid papers is 
much rougher than that of the GO paper, the Ag/GO 
hybrid paper displays better reflectivity and luster, 
which is due to the content of Ag nanocubes in film. 
The photograph in Figure S2b shows that the film ob-
tained from filtration is shiny luster with good flexibility 
and tough enough to be folded. With the increase of Ag 
nanocube content, the number of Ag nanocubes in-
creases obviously. For AG21 paper, some aggregates of 
Ag nanocubes are formed on the paper surface, which 
are favourable for the formation of hot-spots between 
adjacent Ag nanocubes, and may further enhance the 
SERS signals.  

 

Figure 3  SEM images of the surfaces of (a) GO, (b) AG12, (c) 
AG11, and (d) AG21 papers. 

Figure 4 shows the fractured edges of neat GO and 
Ag/GO hybrid papers. The thickness of these papers 
was in a range of approximately 1－2 μm, and the thick-
ness slightly decreased with the decrease of GO amount. 
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It should be noticed that the hybrid papers used as SERS 
substrate should be thin enough for the laser to penetrate 
through. Here, the thickness of the hybrid paper was 
optimized just enough for forming a free-standing paper 
(that is, with a good film-forming ability). All the neat 
GO and hybrid papers clearly exhibit a well-packed 
layered structure through the entire cross-sections, indi-
cating that GO and Ag/GO hybrids can be assembled to 
form parallel arranged nanostructures under filtration- 
induced directional flow. Ag nanocubes are incorpo-
rated between large lateral dimensional GO layers, re-
sulting in sandwiched structures, and there are irregular 
pores between Ag nanocubes and GO sheets. At a low 
content of Ag nanocubes (e.g. AG11 and AG12 papers), 
GO sheets and Ag nanocubes are closely packed in the 
lateral direction and form continuous frameworks, 
which is partially attributed to self-assembly behavior of 
GO sheets and Ag nanocubes during the filtration proc-
ess. Nevertheless, for the case of AG21 paper, slight 
aggregation of Ag nanocubes was observed in the space 
between the parallel arranged GO frameworks (Figure 
4d and 4h), which can also form hot-spots between dif-
ferent GO layers. Therefore, this unique sandwiched 
structure largely increases the density of hot-spots for 
SERS enhancement. 

Figure 5 shows the XPS spectra of the as-prepared 
AG12, AG11 and AG21 papers. The survey scan (Fig-
ure 5a) shows the presence of silver, carbon, oxygen 
elements in the sample with no detectable impurities 
being observed. The peak area corresponding to Ag 3d 
increases gradually from AG12 to AG21 samples, indi-
cating the increase of silver atom percentage, which is 
in accordance with the weight ratio of Ag nanocubes. 
Furthermore, the high-resolution XPS spectrum of Ag 
3d region (Figure 5b) consists of a spin-orbit coupling 
doublet with binding energy of 368.1 eV for Ag 3d5/2 
state and 374.1 eV for Ag 3d3/2 state, which correspond 
to Ag0 state.[47] 

These free-standing GO and Ag/GO hybrid papers 
exhibit SERS activity and can be directly used as SERS 
substrates without any external support such as silicon 
wafer. Aromatic molecules, rhodamine 6G (R6G) is 
selected as the probe molecule since it possesses well- 
defined molecular fingerprints in their Raman spectra 
and is commonly employed as probes for evaluating the 
sensing capabilities of various systems.[48,49] Figure 6 
shows the representative Raman spectra of R6Gon GO, 
AG12, AG11 and AG21 papers after immersion of each 
substrate in 106 mol/L aqueous R6G solution for 2 h to 
induce surface adsorption. Since the typical D and 

 

Figure 4  SEM images of the cross-sections of (a) GO, (b) AG12, (c) AG11, and (d) AG21 papers. (e－h) show the corresponding im-
ages at high magnifications. 

 

Figure 5  (a) XPS spectra of AG12, AG11, and AG21 papers. (b) High resolution Ag 3d spectrum of AG21 paper.   
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Figure 6  SERS spectra of 106 mol/L R6G obtained on GO, 
AG12, AG11, and AG21 papers. Each spectrum is the average of 
ten SERS spectra and has undergone baseline subtraction. 

G bands of GO overlap with the Raman signal of R6G, 
the SERS spectra of R6G are normalized here by sub-
tracting the signals of the corresponding papers (Figure 
S3). Raman spectrum of R6G on GO paper exhibits rel-
atively low enhancement which is mainly due to the 
chemical enhancement.[50] Nevertheless, notable Raman 
signal enhancement of R6G is observed for Ag/GO hy-
brid papers. The SERS intensity of R6G on Ag/GO hy-
brid papers is increased by thirty- to one hundred-fold 
with the increase of silver nanoparticle content in the 
hybrid papers in comparison to that on bare GO paper. 
The remarkable enhancement of SERS signals obtained 
for Ag/GO hybrid papers can be explained as follows. 
Firstly, Ag nanocubes give rise to stronger SERS signals 
compared to spherical particles. This is attributed to 
more intense local electromagnetic fields generated 
around the sharp edges/vertices of the nanocubes. Sec-
ondly, with the increase of Ag nanocube content, some 
aggregates of Ag nanocubes can be formed on GO 
sheets. Thus, the electromagnetic hot-spots (which are 
the origin of a huge SERS enhancement) can be created 
by the coupling of localized surface plasmon resonance 
between gapped metal nanoparticles. As illustrated in 
Scheme 1, the hot-spots can be formed not only on the 
same GO sheets, but also between the adjacent GO 
sheets since GO exhibits good permeability for the elec-
tromagnetic hot spots to pass through.[28] Finally, 
charge-transfer complexes can be formed between Ag 
nanocubes and GO sheets. These complexes can absorb 
light at excitation frequency to produce chemical SERS 
effect. The degree of enhancement can be tuned by 
changing the density of Ag nanocubes in the hybrid pa-
pers. The contact area between Ag nanocubes and GO 
sheets increases with the increase of Ag nanocube con-
tent in the hybrid papers. The increase of contact area 
leads to an increase of charge-transfer complexes which 
are responsible for the chemical enhancement in SERS. 

The adsorption kinetics of R6G was examined by 
measuring the changes of relative intensity of SERS 
signal on Ag/GO hybrid papers as a function of im-
mersing time (Figure 7a). The AG21 paper was im-

mersed in 106 mol/L aqueous R6G solution for 30 min, 
60 min, 90 min, 120 min, 150 min and 180 min, respec-
tively. SERS signal of R6G on AG21paper increased 
gradually with incubation time and almost saturated af-
ter 120 min (Figure7b). As shown in Figure S4, the 
UV-visible absorbance of 106 mol/L R6G solution after 
the adsorption by Ag nanocubes is much higher than 
that of the solution after the adsorption by AG21 paper 
containing the same amount of Ag nanocubes. Accord-
ing to this figure, in this case, the amount of R6G ad-
sorbed by AG21 paper is about 6 times that adsorbed by 
Agnanocubes. This result indicated that the presence of 
GO sheets in the hybrid paper accelerated the adsorption 
of R6G due to the strong π-π interaction between 
them.[30,51] The detection limits and linearity range of the 
SERS sensing of Ag/GO hybrid paper are also studied 
(Figure 7c, 7d). The detection limit for R6G is moni-
tored using 621 cm1 and 1193 cm1 bands, and SERS 
signals (with signal/noise ratio＞3) can still be detected 
down to 1010 mol/L (Figure 7c). This low detection 
limit may be due to the increased adsorption force, both 
physically and chemically between aromatic molecules 
and GO sheets, especially at low concentrations.[24] Both 
the enrichment effect of molecules and their chemical 
interactions with GO sheets should be taken into con-
sideration.[52] The linearity range spans across 5 orders 
of magnitude, from 1010 to 106 mol/L. The detection 
limit for CV (Figure S5) is also investigated and is down 
to 109 mol/L, which is monitored using the vibrational 
modes at 1178 and 918 cm1. The detection limits ob-
tained using both R6G and CV as Raman probe in our 
experiment are comparable to the ones reported in the 
literature.[53,54] 

It is well known that Ag nanoparticles will undergo 
irreversible oxidation when exposed in air. To investi-
gate the stability of Ag/GO hybrid papers as SERS sub-
strate, the AG21 paper was exposed to ambient condi-
tion for designated durations of 0, 3, and 7 d. Then, the 
AG21 papers stored for different days were respectively 
incubated in 106 mol/L R6G aqueous solution for 2 h 
and finally analyzed by Raman spectroscopy. For com-
parison, Ag nanocube films on silicon substrate were 
fabricated by Langmuir-Blodgett (LB) method, and the 
corresponding SEM images are shown in Figure S6. 
SERS spectra of R6G on AG21 papers and Ag 
nanocube LB films are shown in Figure 8a and 8b, re-
spectively. SERS intensities at 621 cm−1 derived from 
xanthene ring deformation modes of R6G on AG21 pa-
pers and Ag nanocube LB films are also obtained (Fig-
ure 8c). The SERS intensity of R6G on AG21 paper is 
lower than that on the freshly prepared Ag nanocube LB 
film, which is mainly due to the relatively low content 
of Ag nanocubes. However, after Ag nanocube LB films 
are exposed to ambient condition for 3 and 7 d, the rela-
tive intensity of SERS signal for R6G significantly de-
creases by 39% and 74%, respectively. By contrast, 
SERS intensity of R6G obtained on AG21 paper almost 
remains the same after 7 d exposure. This result indi-       
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Figure 7  (a) SERS spectra of R6G obtained on AG21 paper with varying immersing time for adsorption in 106 mol/L aqueous R6G. (b) 
A plot of SERS signal intensities of R6G at 621 and 1193 cm1 on AG21 paper versus immersing time. (c) SERS spectra of R6G on 
AG21 paper by soaking in the solution with different concentrations labeled in the respective SERS spectra. (d) The corresponding plots 
of SERS signal intensity versus concentration of R6G. 

 

Figure 8  SERS spectra of R6G obtained on (a) AG21 paper and (b) Ag nanocube LB film after exposure to ambient condition for 0, 3, 
and 7 d. (c) The plots of SERS signal intensity at 621 cm1 on AG21 paper and Ag nanocube LB film.

cates that SERS signal on Ag/GO hybrid papers is much 
more stable even after exposure to ambient condition 

compared to that on Ag nanocube LB films. Morpho-
logical changes of AG21 paper and Ag nanocubes after 
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exposure to ambient condition are observed by SEM 
images as shown in Figure S7. Almost no difference is 
observed for AG21 paper while small particles appear 
on the surface of Ag nanocubes after exposure. This can 
be attributed to the presence of GO sheets which protect 
Ag nanocubes from oxidation. Although some Ag 
nanocubes do exist on the surface of the hybrid papers, 
most of Ag nanocubes are embedded between GO layers, 
and thus Ag nanocubes are protected from direct con-
tacting with air. Therefore, Ag/GO hybrid papers show 
excellent stability as sustained SERS substrates. 

 
Figure 9  A real-time and reversible detection of R6G by plac-
ing AG21 paper directly on the surface of 106 mol/L R6G aque-
ous solution. (a－c) Digital photos and (d) Raman spectra of the 
same AG21 paper on H2O, R6G/H2O and reput on H2O, respec-
tively.  

A “universal” substrate should be sufficiently eco-
nomical, convenient, and compatible with various sam-
ples in different states. Such free-standing and flexible 
Ag/GO hybrid papers do not require special sample 
preparation, and are very convenient for in-situ charac-
terization or real-time monitoring. As shown in Figure 9, 
Ag/GO hybrid papers can be used directly for real-time 
analysis of samples in an aqueous solution, where such 
AG21 paper was first put floating on water, and a clean 
baseline was obtained with a clear GO signal. Then, the 
same AG21 paper was placed on the surface of a 1×
106 mol/L aqueous solution of R6G, and the intrinsic 
signal of R6G appeared in the Raman spectra. The broad 
background peak is due to the fluorescence of R6G. Fi-
nally, the R6G signal disappeared after washing and 
placing AG21 paper on water back again. This good 
reversibility suggests that AG21 paper may be exploited 
in real-time sensing processes, such as online monitor-
ing of water contaminants. Therefore, this novel kind of 
free-standing and flexible SERS substrate is expected to 
be widely used for direct, noninvasive and ultrasensitive 
Raman measurements, including real-time monitoring 
on solution surfaces or other surfaces with any arbitrary 
morphology. 

Conclusions 

In summary, free-standing and flexible Ag nano-
cube/GO hybrid papers have been fabricated success-
fully via a simple and convenient vacuum filtration 
method. The Ag/GO hybrid papers exhibit excellent 
SERS activity due to the synergistic effect of Ag nano-
cubes and GO sheets, and the SERS signals can be op-
timized by simply tuning the composition of Ag/GO 
hybrids. The hybrid paper shows fast adsorption kinetics 
toward R6G, a model Raman probe molecule, with a 
low detection limit of 1010 mol/L. Furthermore, Ag/GO 
hybrid papers can effectively protect Ag nanocubes 
from oxidation under ambient condition for prolonged 
time up to several weeks with reproducible SERS sig-
nals. Therefore, the free-standing and flexible Ag nano-
cube/GO hybrid paper is sufficiently economical, con-
venient, and compatible with various samples in differ-
ent states, which may find potential applications in real- 
time sensing. 
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