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ABSTRACT: Surface-enhanced Raman scattering (SERS) has been
extensively investigated since its discovery on rough Ag surface
because of high sensitivity and resolution. Ag nanostructures are
considered highly active for SERS but their liability to oxidization
impedes their practical applications as a SERS-based sensing platform.
Here, we show that graphene oxide (GO) coating on the
polyallylamine hydrochloride (PAA) functionalized Ag nanoparticles
(PAA-AgNP) immobilized on PAA-functionalized reduced GO (PAA-RGO) films (GO/PAA-AgNP/PAA-RGO, sandwich
structure) protect AgNPs from oxidation under ambient condition for prolonged time up to 72 days with increased and
reproducible SERS signals and fast adsorption kinetics of rhodamine 6G, a model Raman probe molecule. The present strategy
for GO coating on top of the immobilized AgNPs will be useful for the development of an efficient SERS-based chemical and
biosensor because of its simplicity, cost-effectiveness, long-term stability, and high reproducibility.
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Since the discovery of huge Raman signal enhancement on
the rough silver electrode surface in 1974,1 surface

enhanced Raman scattering (SERS) has attracted much
attention because of high sensitivity for the analysis of various
molecules at low concentrations. On the basis of the high
sensitivity, the SERS has been widely demonstrated for
chemical- and biosensors and bioimaging probes.2 Thus, Ag
and Au nanostructures with different morphologies have been
investigated to develop efficient SERS platform but many
challenges still remain.3 For example, Ag is highly active metal
as SERS platforms compared to Au but not an ideal candidate
as itself for practical applications because of its liability to
oxidation under ambient condition.4 Moreover, colloidal
stability of Ag nanoparticle (AgNP) is not sufficient to develop
reproducible SERS platform. Therefore, many efforts have been
devoted to fabricate stable Ag nanocomposites to avoid
oxidation and aggregation by coating with titania,5 silica,6 and
carbon shell.7 The required properties as a coating shell of
AgNP are ultrathin thickness (<10 nm), chemical inertness and
reproducible synthetic or coating process. In this regard, the
popular sol−gel method for the formation of titania and silica
shell is not ideal because of difficulty in controlling reaction
conditions to obtain well-defined shell thickness with high
reproducibility. In contrast, carbon shell synthesized by
chemical vapor deposition (CVD) and high-temperature
carbonization is quite attractive because of chemical inertness
and controllable thickness by adjusting CVD condition8 and
thickness of carbon layer before carbonization.9 However, the
processes to synthesize carbon shell require expensive equip-

ment and high-temperature treatment and thus, the develop-
ment of simple and cost-effective strategy for the formation of
carbon shell is still needed for various applications.
Graphene, a single layer of sp2 carbon network arranged in a

perfect honeycomb lattice, has been extensively investigated
because of its excellent mechanical and electrical properties.10,11

Recently, graphene oxide (GO), oxidized form of graphene, has
attracted much attention because of its distinct physical
properties such as water dispersibility, fluorescence, nonlinear
optical absorption, and SERS.12,13 The distinct properties are
derived from its unique chemical structure composed of
segregated sp2 carbon domains among sp3 carbons presenting
various oxygen containing functional groups.14 GO can be
converted to reduced GO (RGO) by chemical and thermal
treatment to increase sp2 carbon domains.15 To improve and
endow new functions, metal and semiconductor NPs have been
incorporated on RGO surface16,17 and the resulting nano-
composites have been successfully harnessed as electro-
chemical18,19 and photocatalyst,20 biosensor,21−24 energy
device,25 and SERS platform.26,27 Especially, SERS on AgNP/
RGO nanocomposites has been actively investigated because of
amenable surface, large surface area, and high SERS activity.
AgNP/RGO-based nanocomposites have been synthesized
both in solution phase28 and on solid substrates.29 Although
those efforts showed successful demonstration in the improve-
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ment of the stability and reproducibility of SERS signal on
AgNP, the instability of AgNP to oxidation under ambient
condition still remains an important issue.
In the present study, AgNP/RGO hybrid films protected by

GO sheath were fabricated by electrostatic adsorption of AgNP
on polyallylamine hydrochloride (PAA) functionalized RGO
(PAA-RGO) films and subsequent electrostatic adsorption of
GO sheets on the PAA functionalized AgNP/PAA-RGO films
(GO/PAA-AgNP/PAA-RGO, sandwich structure) to further
enhance SERS signal intensity and protect AgNP from
oxidation at the same time (Scheme 1). As a protective sheath
on AgNP/PAA-RGO hybrid films, GO possesses several
important features. First, the thickness of GO is about 1
nm.26 The thin thickness of coating layer for SERS is important
because thick coating (>10 nm) impedes SERS enhancement
from AgNP.6 Second, GO alone was shown as a favorable SERS
platform, which therefore can serve as an additional enhancer of
SERS signals.30 Third, GO has affinity toward aromatic
compounds, which are important targets of SERS-based
chemical sensors.31,32 Fourth, the present GO coating process

is cost-effective and simple compared to conventional processes
to produce graphitic coating layer such as CVD or high-
temperature carbonization.8,9

■ RESULTS AND DISCUSSION
The fabrication of GO/PAA-AgNP/PAA-RGO hybrid films
started with synthesis of GO by a modified Hummers method
(for characterization of GO, see Figure S1 in the Supporting
Information.).33 The synthesized GO sheets were dispersed in
water by sonication for 30 min and immobilized on Si
substrates modified with 3-aminopropyltriethoxysilane
(APTES) by electrostatic interaction between negatively
charged GO surface and positively charged Si substrates
(Figure S2a,c in the Supporting Information).34 Then, the
GO thin films formed on Si substrates were reduced by
immersing into 20% DMF solution of hydrazine monohydrate
at 80 °C for 24 h. After reduction, the surface of RGO films was
still negatively charged because of residual oxygen containing
functional groups (Figure S2b,d in the Supporting Informa-
tion).34 The negatively charged surface of RGO films was

Scheme 1. Fabrication Process of GO/PAA-AgNP/PAA-RGO Films for Application as SERS Platform

Figure 1. (a) SEM images of AgNP/PAA-RGO films and (b) GO/PAA-AgNP/PAA-RGO films. (c) AFM images and line profiles of AgNP/PAA-
RGO films and (d) GO/PAA-AgNP/PAA-RGO films.
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modified with PAA to introduce amine groups and the PAA-
RGO films were immersed in a freshly prepared colloidal
solution of AgNP (∼25 nm in diameter) for 1 h to immobilize
AgNP on the surface by electrostatic assembly.35 The fabricated
AgNP/PAA-RGO hybrid films were subsequently function-
alized with PAA to induce positive charges on their surface. The
PAA-AgNP/PAA-RGO hybrid films were then immersed into
GO suspension (1 mg/mL) for 1 h for the formation of GO
sheath on PAA-AgNP/PAA-RGO films by electrostatic
interaction.36

Field-emission scanning electron microscopy (FE-SEM)
image showed that the 25 nm-sized AgNP was densely
immobilized on PAA-RGO films (Figure 1a), GO sheath was
successfully assembled on the PAA-AgNP/PAA-RGO films and
the AgNP on PAA-RGO films were clearly observed even after
GO sheath formation because the GO layer was very thin
(Figure 1b). To characterize the morphological changes of
AgNP/PAA-RGO films by GO sheath formation, we analyzed
the AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO films
by atomic force microscopy (AFM) and UV−vis spectroscopy.
The AFM images of AgNP/PAA-RGO and GO/PAA-AgNP/
PAA-RGO films showed similar morphology with their SEM
images but it was difficult to directly observe the formation of
GO sheath because AgNP was densely immobilized and
partially aggregated (Figure 1c, d). However, the center line
average (CLA) roughness of AgNP/PAA-RGO films (12.89)
decreased to 12.43 despite of formation of many aggregated
domains by GO sheath formation. The UV-spectrum of RGO
films showed typical π−π* transition peak of aromatic C−C
bond at 265 nm and the AgNP/PAA-RGO films showed an
additional SPR band of AgNP at 387 nm, which was not shifted
even after subsequent PAA-functionalization. After formation of
GO sheath on PAA-AgNP/PAA-RGO films, the GO/PAA-
AgNP/PAA-RGO films showed strong absorption peak at 252
nm from π−π* transition of GO sheath with shorter π-
conjugation length than RGO and red-shift of SPR band from
387 to 393 nm by GO sheath-induced aggregation of AgNPs
(Figure S3 in the Supporting Information). In addition to the
morphological and spectroscopic changes, the chemical

composition change of AgNP/PAA-RGO films induced by
GO sheath formation was confirmed by X-ray photoelectron
spectroscopy (XPS). The C 1s XPS spectra of AgNP/PAA-
RGO films showed typical peaks at 284.5, 286.0, 287.2, and
288.8 eV from graphitic C−C, C−O, CO, and O−CO
bonds, respectively (see Figure S4a in the Supporting
Information).34 After GO sheath formation, the peak intensities
at 286.0, 287.2, and 288.8 eV increased because more oxygen
containing functional groups were introduced by adsorption of
GO sheets on PAA-AgNP/PAA-RGO films (Figure S4b in the
Supporting Information). These results indicate the successful
formation of GO sheath on PAA-AgNP/PAA-RGO films.
Next, to investigate the effect of the RGO films underneath

AgNP and the GO coating on top of the AgNP, we obtained
the Raman spectra of rhodamine 6G (R6G) on six different
films on Si substrates composed of GO, RGO, AgNP, AgNP/
PAA-RGO, GO/PAA-AgNP, or GO/PAA-AgNP/PAA-RGO
films after immersion of each substrate in 1 mM aqueous
solution of R6G for 12 h to induce surface adsorption. The
representative Raman spectra are shown in the Figure 2a and
the relative Raman signal intensities of R6G at 1366 cm−1 were
summarized in a table, Figure 2c (for all spectra, see Figure S5
in the Supporting Information). First, Raman signals of R6G on
the AgNP, GO and RGO films were analyzed. Notable Raman
signal enhancement of R6G was observed from GO and AgNP
films. It is well-known that the Raman signal of aromatic
compounds is enhanced on the surface of GO films by chemical
enhancement30 and on the AgNP immobilized surface by the
formation of hot-spots.37 However, RGO films showed little
effect in the Raman signal enhancement of R6G compared to
GO and AgNP films (Figure 2). This result is in good
agreement with a previous report which demonstrates that the
presence of oxygen containing functional groups in GO is one
of the important reasons for Raman signal enhancement of the
adsorbed molecules.30

Next, Raman signals of R6G from hybrid films including
AgNP/PAA-RGO, GO/PAA-AgNP and GO/PAA-AgNP/
PAA-RGO films were analyzed. Relative Raman signal of
R6G on AgNP/PAA-RGO films was increased by 1.27 fold

Figure 2. (a) Normalized SERS spectra and (b) relative Raman signal intensities of R6G obtained on GO, RGO, AgNP, AgNP/PAA-RGO, GO/
PAA-AgNP, and GO/PAA-AgNP/PAA-RGO films. (c) Relative Raman signal intensities of R6G obtained on all of the prepared films. The error
bars indicate the average and standard deviation of three measurements at different positions of the films.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am301658p | ACS Appl. Mater. Interfaces 2012, 4, 6545−65516547



compared to that on AgNP films (Figure 2). It is well-known
that the AgNP/RGO nanocomposites are more efficient SERS
platform compared to AgNP alone, probably due to the
aggregation of AgNPs on RGO surface (for characterization
data of AgNP and AgNP/PAA-RGO films, see Figure S6 in the
Supporting Information).29 Then, the relative Raman signal
intensity of R6G was further increased by 1.67 fold through the
formation of GO sheath on the AgNP/PAA-RGO films (Figure
2). In addition, the relative Raman signal intensity of R6G at
1366 cm−1 on GO/PAA-AgNP/PAA-RGO films was 1.22 fold
higher than the sum of relative Raman signal intensities of R6G
obtained on GO and AgNP/PAA-RGO films (Figure 2). The
GO sheath induced relative Raman signal increase was further
confirmed by the formation of GO sheath on PAA-AgNP films.
After formation of the GO sheath on PAA-AgNP films, the
relative Raman signal intensity of R6G on AgNP films was
increased by 1.60 fold, which was slightly higher than the
relative Raman signal increase on GO/PAA-AgNP/PAA-RGO
films relative to AgNP/PAA-RGO films (1.26 fold) (Figure 2).
Interestingly, the relative Raman signal of R6G on GO/PAA-
AgNP/PAA-RGO films was 1.33 fold higher than that on GO/
PAA-AgNP films (Figure 2) and this relative Raman signal
increase was also comparable to that on AgNP/PAA-RGO films
compared to AgNP films (1.26 fold), which implied that both
the PAA-RGO films underneath AgNP and the GO coating on
the PAA-AgNP films contributed to the Raman signal increase
in R6G.
Next, the influence of GO sheath on the adsorption kinetics

of R6G was examined by measuring the changes of relative
SERS signal intensity on both AgNP/PAA-RGO and GO/PAA-
AgNP/PAA-RGO films as a function of incubation time of the
respective hybrid films in 1 mM aqueous solution of R6G

allowed for adsorption. SERS signal of R6G on AgNP/PAA-
RGO films increased gradually for 180 min (Figure 3a, c) but
the increase in the SERS signal of R6G on GO/PAA-AgNP/
PAA-RGO films was almost saturated after 30 min (Figure 3b,
c). This result clearly indicated that the GO sheath accelerated
the adsorption of R6G by the strong π−π interaction.31

Additionally, the AgNP/PAA-RGO and GO/PAA-AgNP/PAA-
RGO films showed the high SERS activity with homogeneous
Raman signal of R6G throughout the overall surface (Figure
and Figure S7 in the Supporting Information). Taken together,
the results confirmed that the formation of GO sheath and
supporting RGO films significantly improved the SERS activity
of AgNP films with homogeneous Raman signals on the entire
surface and accelerated adsorption of R6G.
As a control, PAA-RGO films were applied to SERS analysis

of R6G to investigate the influence of PAA used to immobilize
AgNP on RGO films on SERS activity. PAA-RGO films did not
give notable changes on SERS activity compared to RGO films
(see Figure S8 in the Supporting Information). The results
confirmed that PAA as an interlayer adhesive for the formation
of GO/PAA-AgNP/PAA-RGO films exhibit little effect to the
Raman signals of R6G on the GO/PAA-AgNP/PAA-RGO.
To investigate the protection effect of GO sheath on the

PAA-AgNP/PAA-RGO film from oxidation of AgNP, the
AgNP/PAA-RGO and the GO/PAA-AgNP/PAA-RGO films
were prepared and exposed to ambient condition for designated
durations of 0, 3, 13, and 72 days. Next, the AgNP/PAA-RGO
and GO/PAA-AgNP/PAA-RGO films were respectively
incubated in 1 mM aqueous solution of R6G for 12 h and
analyzed by Raman spectroscopy. The relative Raman signal
intensities of R6G at 1366 cm−1 derived from aromatic C−C
stretching modes on freshly prepared AgNP/PAA-RGO and

Figure 3. (a) Normalized SERS spectra of R6G obtained on the AgNP/PAA-RGO films and (b) GO/PAA-AgNP/PAA-RGO films with varying
incubation time for adsorption in 1 mM aqueous R6G. (c) A plot of normalized SERS signal intensities of R6G at 1366 cm−1 on AgNP/PAA-RGO
and GO/PAA-AgNP/PAA-RGO films versus incubation time. Raman signal of R6G on GO/PAA-AgNP/PAA-RGO films was saturated at 30 min
but that on AgNP/PAA-RGO films kept increasing even after 120 min of incubation time. The error bars indicate the average and standard deviation
of 3 measurements at different positions of the films.
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GO/PAA-AgNP/PAA-RGO films were obtained by averaging 5
point measurements, which provided a highly reproducible
spectra (for all spectra, see Figure S9 in the Supporting
Information). When AgNP/PAA-RGO and GO/PAA-AgNP/
PAA-RGO films were applied to Raman analysis of R6G after 3
day exposure to ambient condition, the relative Raman signal
intensity on AgNP/PAA-RGO films significantly decreased by
21.90 ± 2.2% but that on GO/PAA-AgNP/PAA-RGO films
slightly decreased only by 3.62 ± 4.8% (Figure 4a−c). This
result indicated that the enhanced Raman signal on GO/PAA-
AgNP/PAA-RGO films was stable even after exposure to
ambient condition compared to that on AgNP/PAA-RGO
films. This tendency was maintained when the AgNP/PAA-
RGO and GO/PAA-AgNP/PAA-RGO were employed for
Raman analysis after 13 and 72 day exposure to ambient
condition (Figure 4a,b,c). The relatively consistent enhanced
Raman signals on GO/PAA-AgNP/PAA-RGO films can be
attributed to the presence of GO sheath which protects AgNP
on RGO films from oxidation.
To investigate the influence of the PAA-adhesive layer on

AgNP protection from oxidation, AgNP/PAA-RGO, PAA-
AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO films were
heated to 250 °C for 3, 5, 15, and 25 min under air to accelerate
oxidation of AgNP without thermal degradation of PAA.38 After
oxidative treatment, those films were analyzed by UV−vis
spectroscopy to monitor the red-shift and broadening of SPR
band of AgNP induced by oxidation.39 The SPR band of
AgNP/PAA-RGO films at 372 nm was significantly broadened
within 5 min oxidative treatment and this result suggested that
the AgNPs on PAA-RGO films started to be oxidized within 5
min (see Figure S10a in the Supporting Information). By
contrast, the SPR band of PAA-AgNP/PAA-RGO films was not

affected by 5 min oxidative treatment and only slightly
broadened by further oxidative treatment up to 25 min (see
Figure S10b in the Supporting Information). This result clearly
indicated that the PAA-adhesive layer contributed to the
protection of AgNP from oxidation. In comparison with those
two films, the changes of SPR band of GO/PAA-AgNP/RGO
films could not be directly correlated with oxidation of AgNP
because the thermal treatment could result in the reduction of
GO sheath with increased absorption in visible region,40 which
could induce changes in the SPR band without oxidation of
AgNP. Actually, the SPR band of GO/PAA-AgNP/PAA-RGO
films was red-shifted from 400 to 415 nm by only 3 min
oxidative treatment (see Figure S10c in the Supporting
Information) but this red-shift could be attributed to GO
sheath reduction because the SPR band of AgNP without
protective layer was not changed by the same oxidative
treatment (see Figure S10a in the Supporting Information).
Moreover, the SPR band of GO/PAA-AgNP/PAA-RGO films
was not further red-shifted by oxidative treatment up to 25 min
despite of the significant increase of absorption in visible region
(see Figure S10c in the Supporting Information). These results
clearly indicated that the sustained SERS activity of GO/PAA-
AgNP/PAA-RGO films was originated from the cooperative
protection effect of PAA-adhesive layer and GO sheath.
To further investigate the protection of AgNP by PAA-

adhesive layer and GO sheath, the AgNP/PAA-RGO and GO/
PAA-AgNP/PAA-RGO films exposed to designated periods of
0, 3, 13, and 72 days to ambient condition were analyzed by X-
ray photoelectron spectroscopy (XPS) to reveal the changes in
the chemical composition of each hybrid film over time. The
Ag/O ratio of AgNP/PAA-RGO and GO/PAA-AgNP/PAA-
RGO films was plotted versus exposure time. The initial Ag/O

Figure 4. (a) Normalized SERS spectra of R6G obtained on the AgNP/PAA-RGO films and (b) GO/PAA-AgNP/PAA-RGO films after exposure to
ambient condition for 0, 3, 13, and 72 days. (c) The plots of normalized SERS signal intensity at 1366 cm−1 on AgNP/PAA-RGO and GO/PAA-
AgNP/PAA-RGO films, the error bars indicate the average and standard deviation of 5 measurements at different positions of the films, and (d)
atomic ratio of Ag/O of AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO films as a function of exposure time to ambient condition.
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ratio of AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO
films was respectively 1.60 and 0.68 but those values decreased
to 0.30 and 0.41 after 72 day exposure to ambient condition
(see Figure 4d and Figure S11 in the Supporting Information).
The different initial Ag/O ratio of AgNP/PAA-RGO with GO/
PAA-AgNP/PAA-RGO films was due to the presence of GO
sheath, which increased the oxygen content of the GO/PAA-
AgNP/PAA-RGO films compared to AgNP/PAA-RGO films
(see Figure S3b in the Supporting Information). The decrease
in the Ag/O ratio over time implies that the AgNP
incorporated in those hybrid films was oxidized. The decrease
in Ag/O ratio was more significant on AgNP/PAA-RGO films
compared to GO/PAA-AgNP/PAA-RGO films. These data
confirm that the consistent SERS performance of GO/PAA-
AgNP/PAA-RGO films was derived from the protection of
AgNP/PAA-RGO films from oxidation by GO sheath.

■ CONCLUSION
We developed a strategy for the coating of AgNP/PAA-RGO
films by GO sheets with PAA-adhesive layer through
electrostatic assembly both for the enhancement of Raman
signals and for the prevention of the oxidation of AgNP
incorporated in the hybrid films upon exposure to ambient
condition for prolonged time. The Raman signal of R6G on
AgNP/PAA-RGO films was enhanced by 1.67 fold and
adsorption process of the analyte molecule was at least 6 fold
faster through the formation of GO sheath on their surface.
Most importantly, the GO sheath protected AgNP/PAA-RGO
films from oxidation under ambient condition for prolonged
time up to 72 days. As a result, the developed GO/PAA-AgNP/
PAA-RGO films showed the enhanced and reproducible Raman
signal of R6G even after prolonged exposure to ambient
condition. The present strategy to form GO sheath on AgNP/
PAA-RGO films is a simple approach to fabricate the ultrathin
graphitic coating layer on surface-immobilized AgNP films
without using any expensive equipment or high temperature
processes. We believe that the present strategy could be a useful
and convenient route to prepare robust and reproducible SERS
platform for efficient SERS-based chemical and biosensing.

■ MATERIALS AND METHODS
Materials. Natural graphite (FP 99.95% pure) was purchased from

Graphit Kropfmühl AG (Hauzenberg, Germany). Sodium nitrate,
sodium sulfate, hydrazine monohydrate, trisodium citrate dehydrate
and hydrogen peroxide (30% in water) were purchased from Junsei
(Japan). Potassium permanganate, poly(allylamine hydrochloride)
(PAA) (MW 15,000), 3-aminopropyltriethoxysilane (APTES), sodium
borohydride, anhydrous toluene, and silver nitrate were purchased
from Aldrich Chemical Co. (Milwaukee, WI, USA). Nitric acid and
sulfuric acid were purchased from Samchun (Seoul, Korea). Ethanol
was purchased from Merck (Darmstadt, Germany). Si substrates (500
μm in thickness) were purchased from STC (Japan). All chemicals
were used as received.
Preparation of GO. Three g of natural graphite and 1 g of sodium

nitrate were added to 46 mL of sulfuric acid and stirred in an ice bath.
Six grams of potassium permanganate was gradually added to the
mixture with stirring and maintained below 20 °C. After the addition,
the temperature of the mixture was raised to 35 °C and the mixture
was further stirred for an hour. 40 mL of water was slowly added to the
mixture, stirred for 30 min and diluted with 100 mL of water in an ice
bath to prevent rapid boiling because this process causes rapid increase
of temperature. Finally, 6 mL of hydrogen peroxide (30%) was
gradually added to the mixture with color change to bright yellow and
formation of bubbles. The final mixture was filtered with filter paper
(Number 3, Whatman) and washed with water until the filtrate was

neutralized. The filtered solid was dried under reduced pressure for 48
h.

Preparation of APTES-Modified Glass Substrates. The Si
substrates were cleaned in Piranha solution (sulfuric acid: hydrogen
peroxide (30%) = 3:1, WARNING: Piranha solution is extremely
explosive and corrosive.) for 10 min at 125 °C, washed with water and
ethanol, and dried under a stream of nitrogen. The substrates were
immersed in a 10 mM anhydrous toluene solution of APTES for 30
min, briefly sonicated in toluene for 2 min, rinsed with ethanol and
water, and dried under a stream of nitrogen.

Prepration of GO, RGO, AgNP, AgNP/PAA-RGO, GO/PAA-
AgNP, and GO/AgNP/RGO Films. For formation of GO films,
APTES-treated Si substrates were immersed in the GO suspension (1
mg/mL) for 1 h, washed with water and ethanol, dried under a stream
of nitrogen and baked at 150 °C under nitrogen flow. For preparation
of RGO films, GO films coated substrates were reduced by immersing
in hydrazine monohydrate solution (20% in N,N-dimethylformamide
(DMF)) for 24 h at 80 °C; washed with DMF, water, and ethanol; and
dried under a stream of nitrogen. For preparation of AgNP films,
piranha treated Si substrates were immersed in aqueous PAA solution
(1 mg/mL, pH 7.5) for 30 min, washed with water and ethanol, and
dried under a stream of nitrogen. The PAA-treated Si substrates were
incubated with AgNP solution for 1 h, washed with water and ethanol,
and dried under a stream of nitrogen. For preparation of AgNP/PAA-
RGO films, PAA-treated RGO films coated substrates were incubated
with AgNP solution for 1 h, washed with water and ethanol, and dried
under a stream of nitrogen. For preparation of GO/PAA-AgNP films,
PAA treated AgNP films were immersed in the GO suspension for 1 h,
washed with water and ethanol and dried under a stream of nitrogen.
For preparation of GO/PAA-AgNP/PAA-RGO films, PAA-treated
AgNP/RGO films coated substrates were immersed in GO suspension
for 1 h, washed with water and ethanol, and dried under a stream of
nitrogen.

Confirmation of Protection Effect of GO Sheath. Two sets of
AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO films coated
substrates were prepared and exposed to ambient condition for
certain times such as 0, 3, 13, and 72 days. After exposure, one set of
AgNP/PAA-RGO and GO/PAA-AgNP/PAA-RGO films coated
substrates were analyzed by XPS to reveal their chemical composition
changes and the other set was immersed in 1 mM aqueous solution of
rhodamine 6G for 12 h, washed with water and ethanol, dried under a
stream of nitrogen, and analyzed by Raman spectroscopy to investigate
the influence of GO sheath on SERS performance after prolonged
exposure to ambient condition.

Characterization. The surface morphologies of AgNP/PAA-RGO
and GO/PAA-AgNP/PAA-RGO films were observed by S-4800 FE-
SEM (Hitach, Japan). Atomic force microscopy (AFM) images, line-
profiles and center-line average surface roughness of prepared
substrates were obtained with an XE-100 (Park System, Korea) with
a backside gold-coated silicon SPM probe (M to N, Korea). High-
resolution XPS measurements were carried out with an SIGMA
PROBE (ThermoVG, U.K) with monochromatic Al−K (1.5 kV). The
UV−vis spectra were recorded with a UV-2550 (Shimadzu, Japan).
Raman characterization was carried out by LabRAM HR UV/vis/NIR
(Horiba Jobin Yvon, France) using an 20 mW Ar ion CW laser (514.5
nm) as an excitation source focused through a BXFM confocal
microscope equipped with an objective (50×, numerical aperture =
0.50). Raman signal intensity of rhodamine 6G was normalized by
using a silicon peak at ∼1000 cm−1 as an internal standard. FT-IR
spectra measurements of graphite oxide were performed with an
EQUINOX55 (Bruker, Germany) using the KBr pellet method.

■ ASSOCIATED CONTENT
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