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Graphene oxide (GO) was synthesized by a modified Hummer’s method and was then reduced by the hydrothermal process. Both
GO and reduced GO (rGO) were employed as surface-enhanced Raman scattering (SERS) substrates to detect rhodamine 6G
(R6G). After adsorbed on the surface of GO, the fluorescence background of R6G was highly quenched, and its Raman scatterings
were enhanced. When adsorbed on the surface of rGO, the fluorescence background was further quenched at the price of lower
SERS intensity. )e results displayed that oxygen groups on the surface of GO had positive effect on the SERS effect of GO. )e
amount of oxygen groups on the surface of GO should be one key parameter to adjust the SERS activity of GO.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) has attracted
much attention since its discovery in the 1970s [1]. It can
increase the Raman scattering signal of probe molecules near
or adsorbed on SERS substrates (e.g., gold and silver) by
several orders of magnitude through electromagnetic en-
hancement mechanism (EM) and chemical enhancement
mechanism (CM) and can even achieve single molecular
detection level. Commonly, the EM provides the majority of
the SERS enhancement effect and CM contributes to the
minor portions. Moreover, the CM and EM are often as-
sociated with each other; thus, less research studies on the
aspect of CM were carried out. )erefore, it is very im-
portant to look for a new type of SERS substrate that only
supports CM.

Graphene is a two-dimensional film material that is
formed by stacking single-layer carbon atoms in a hexagonal
grid structure [2]. It has unique electrical, mechanical,
optical, andmagnetic properties, and thus has huge potential
applications in the field of biosensors [3] and electro-
chemical sensors [4, 5], biocompatible drug transport [6],
fuel cell electrocatalysis [7], energy storage [8, 9], etc. In the
year of 2009, Xie et al. [10] discovered that graphene can
quench the fluorescence of R6G molecules adsorbed on its

surface and enhanced the Raman scattering of R6G through
CM, making graphene a potential SERS-active substrate.
Graphene has many unique properties compared to con-
ventional SERS-active substrates (e.g., gold and silver): (1)
atomic-scale smooth surface, (2) high light transmission in
the visible spectral range (single-layer graphite: the light
transmittance of the alkene is as high as 95%), and (3) the
surface plasmon resonance (SPR) response is located in the
terahertz region, which is far away from the visible light
spectral region, and its SPR is not excited during SERS
detection (e.g., using a 514.5 nm laser). )erefore, under the
conventional SERS detection conditions, graphene does not
support the EM and can only enhance the Raman signal of
the probe molecule through CM. In this way, graphene can
be an ideal SERS substrate to investigate the CM for SERS
[11].

Graphene oxide (GO) has also received extensive at-
tentions as an important derivative of graphene. Compared
with graphene, GOs are modified with a large number of
oxygen-containing groups, such as hydroxyl, carboxyl, and
epoxy, on the surface and edge regions. It has been found
that GO displayed certain SERS activity as well, and its SERS
activity is related to its surface-modified oxygen-containing
groups [12]. Herein, the effect of the number of oxygen-
containing groups in GO on its SERS activity was studied.
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GO was prepared by Hummers’ method and was then re-
duced by a hydrothermal process to remove part of oxygen-
containing groups of GO. Using rhodamine 6G (R6G) as
a probe molecule, we studied the SERS activities of GO
before and after the reduction process to study the effect of
number of oxygen-containing groups on the SERS activities
of GO.

2. Experimental

2.1.Materials. All reagents were of analytical grade and used
as purchased without further purification. Natural graphite
(99wt. %) was purchased from Qingdao Yingshida Graphite
Co., Ltd. Concentrated sulfuric acid (98wt. %), KMnO4
(99.5%), H2O2 (30wt. %), HCl (37wt. %), and NaOH (96%)
were purchased from Beijing Chemical Works. NaNO3
(99.0%) was obtained from Tianjin Guangfu Chemical
Reagent Co., Ltd. Rhodamine 6G (R6G) was obtained from
Waldeck GmbH&Co. KG.MilliQ water (18.6MΩ) was used
to prepare aqueous solutions.

2.2. Experimental Process

2.2.1. Preparation of GO. Hummers’ method was used to
prepare GO. )e reaction was carried out in an Erlenmeyer
flask of 500mL in capacity. Typically, graphite powder (2 g)
was added into the mixture of NaNO3 (1.5 g) and concen-
trated sulfuric acid (67.5mL) under magnetic stirring. )en,
KMnO4 (9 g) was gradually added into the mixture in an ice
bath that the reaction temperature was strictly controlled
below 10°C.)e addition process was allowed to complete in
1 hour.)emixture was stirred for another 2 hours in the ice
bath and for 5 days at room temperature. )en, sulfuric acid
solution (200mL, 5wt. %) was used to dilute the obtained
suspensions with 2 h mild stirring. H2O2 (6mL) was slowly
added to the suspensions, and the suspensions were turned
into bright yellow in color. After another 2 h stirring, the
reaction was completed. )e suspensions were centrifuged
and washed with 1000mL of mixed solution of H2SO4 (3wt.
%) and H2O2 (0.5 wt. %). Finally, the obtained product was
then washed repeatedly with pure water until it became
neutral in the pH value.

2.2.2. Reduction of GO. GO was reduced by a hydrothermal
method. )e upper layer of GO suspension solution was
collected and sonicated for 10min at 50W. )en, 40mL of
the suspension solution was poured into the reactor, and the
pH of solution was adjusted to 5 with NaOH aqueous so-
lution (2mol/L). )e reactor was then placed in an oven, the
reaction temperature was 180°C, and the reaction time was
set to 10 and 30 minutes.

2.3. Characterization. X-ray diffraction (XRD) patterns
were recorded on a D8 ADVANCE diffractometer using
Cu Kα line as the source (λ � 1.5418 Å and operating at
30 kV and 20mA). Fourier transform infrared (FT-IR)
spectra were recorded with KBr pellets, using a Bruker
Vertex-70 FT-IR spectrophotometer to characterize the

framework of the sample (the typical pellet consists of 1 wt.
% sample and 99 wt. % KBr). )e Raman spectra were
recorded using a Renishaw 1000 microspectrometer
connected to a Leica microscope with an objective lens of
50× (NA � 0.5). )e spectra were collected with the laser
power of 0.33mW, with the accumulation time of 10 s, and
with the excitation wavelength of 514.5 nm. Scanning
electron microscopy (SEM) images were taken on a PHI-
LIPS XL30 field-emission environmental scanning elec-
tron microscope (Netherlands) instrument. Atomic force
microscopy (AFM) images were obtained in the tapping
mode in air with ScanAsyst (Dimension Icon, Veeco
Instruments/Bruker, Germany).

3. Results and Discussion

3.1. Structural and Morphological Characterization of GO.
Figure 1 shows the XRD spectra of graphite powder and GO.
In the XRD spectrum of graphite, a strong characteristic
diffraction peak appears near 26.5° to 2θ, which is attributed
to high-purity graphite, corresponding to the (002) plane
with the spacing d � 0.34 nm. )is characteristic peak in-
dicates that the untreated graphite powder has a regular
spatial arrangement. In the XRD spectrum of GO, the
diffraction peak originally assigned to the (002) plane of
graphite disappeared, and a new characteristic peak appears
near 2θ of 11.6°, which belongs to the diffraction peak of the
GO (001) plane.)e intensity of the diffraction peak is much
weaker than that of the graphite powder, indicating the
increase in the interlayer spacing of graphite. )is is because
the basal planes and edges of chemically treated graphite
sheets are modified with oxygen-containing functional
groups such as hydroxyl, carboxyl, and epoxy groups, which
greatly increase the interlamellar spacing and destroy the
original crystal structure of graphite. )e disappearance of
the (002) plane diffraction peak indicates that the original
graphite structure was oxidized and ultrasonically exfoliated,
and the size became smaller and the crystallinity became
worse.

Figure 2(a) shows the surface morphology of GO ob-
served using SEM. It can be seen that the obtained GO sheet
has a lot of pleated structure and the edge area is very thin,
indicating that the prepared sample is few-layer GO sheet.
To further determine the thickness of the GO sheet, we
performed AFM characterization of the prepared GO
sample, as shown in Figure 2(b). It can be seen that the GO
sheet has a thickness of about 1.0 nm and a width of several
hundred nanometers. We know that the thickness of single-
layer graphene is 0.334 nm. GO is an oxidized graphene
sheet.)ere are a large number of oxygen-containing groups
on the surface and in the edge region, which makes the
thickness of GO increase from graphene to 0.7–1.2 nm.
)erefore, we believe that the GO obtained by our prepa-
ration is a single layer structure.

FT-IR spectrum was taken as well to investigate the
chemical structure of GO sheets, as shown in Figure 3. A
number of characteristic bands attributed to oxygen con-
taining groups can be observed in the collected spectrum:
a broad absorption band centered at 3392 cm−1 is attributed
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to the stretching vibration of OH from intercalated water,
-OH and -COOH groups across GO; the band centered at
1728 cm−1 is attributed to C�O bond stretching vibrations in
the carbonyl and carboxyl groups; the band centered at
1406 cm−1 is assigned to the bending vibration of the OH
bond; the band centered at 1224 cm−1 is attributed to the
stretching vibration of the CO bond in the epoxy group; and
the band centered at 1053 cm−1 is attributed to the alkoxy
group C�O�C bond stretching vibration. In addition,
characteristic absorption peaks attributed to the C�C bond
also appear in the infrared absorption spectrum, which are
located at around 1624 cm−1 and 870 cm−1 (weaker).�e FT-
IR spectrum of GO con�rms that the GO sheets are modi�ed
with several types of oxygen-containing groups, that is,
oxygen (-OH), carboxyl (-COOH), carbonyl (-C�O), and
epoxy (C-O-C).
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Figure 1: XRD patterns of graphite powder and GO.
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Figure 2: SEM (a) and AFM (b) images of GO.
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Figure 3: FT-IR spectrum of as-prepared GO.
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3.2. SERS Activity of GO. R6G, a commonly used dye
molecule in SERS detection, was used as the probing
molecule to investigate the SERS activity of GO. Figure 4
shows the Raman spectrum of R6G dripped on the surface of
a silicon wafer and GO. Among them, the red line corre-
sponds to the Raman spectrum of R6G dropped on the
silicon wafer. We only observed a strong fluorescence
background in this spectrum but failed to observe the
characteristic Raman bands of R6G. )is is because (1) an
argon ion laser with the laser line of 514.5 nm was used for
Raman detection. )is laser irradiation condition can excite
the fluorescence signal of the R6G molecule. (2) )e fluo-
rescence scattering cross section of the R6G molecule
(10−19 cm2) is much larger than its Raman scattering cross
section (10−22 cm2). )is results in the weak Raman scat-
tering signals of R6G that were annihilated under the strong
fluorescence background, and no characteristic Raman
peaks can be observed in its Raman spectrum.

When R6G is dripped onto the GO surface, we can
observe the characteristic Raman peaks of the significantly
enhanced R6G in its Raman spectrum, and the fluorescence
background is also greatly attenuated. For example, the
bands at around 1647, 1507, and 1360 cm−1 belong to the
C-C vibration of the benzene ring in the R6G structure; the
bands at around 1574 and 1309 cm−1 can be assigned to the
in-plane bending vibrations of N-H; the 1187 and
1126 cm−1 bands are attributed to the in-plane vibration of
C-O-C; the peak at 773 cm−1 is attributed to the bending
vibration of C-H; and the peak at 612 cm−1 is due to C-C-C
ring in-plane bending mode, respectively. Moreover, the
peak at 1596 cm−1 attributed to the G-band of GO and the
peak at 521 cm−1 attributed to the silicon substrate can be
observed in the Raman spectrum as well. )e results show
that GO has a certain SERS activity. )is may be attributed
to the following two aspects: (1) there is a large sp2 region in
the GO sheet. )e R6G molecule can be adsorbed on the
surface through the π-π interaction.)e fluorescence signal
from R6G can be annihilated energy transfer between R6G
and GO. After the original strong fluorescent background
is “weaken,” the relatively weak Raman scattering signal
“appears.” (2) )ere are a large number of oxygen-
containing groups in the structure of GO. )e oxygen in
these oxygen-containing groups can generate a small local
electric field and amplify the Raman scattering signal of the
R6G molecules around it.

In order to further determine the contribution of
oxygen-containing groups to the SERS activity, a hydro-
thermal reduction process was performed to adjust re-
duction degree of GO, which is directly relative to the
number of oxygen-containing groups on GO sheet, by
controlling the reaction time. Subsequently, GO and re-
duced graphene oxide (rGO) prepared by different reduction
time (10, 30min) were used as substrates for SERS detection,
and R6G was used as the probing molecule to compare their
SERS activities, as shown in Figure 5. It can be seen from the
figure that the R6G molecule adsorbed on the GO surface
has the strongest SERS signal, followed by the SERS signal on
the rGO surface prepared after 10min reduction, and the
SERS signal on the rGO surface prepared after reduction for

30min is the weakest. )e length of the reduction time is
related to the degree and amount of oxygen-containing
groups removed. )e longer the reduction time, the more
oxygen-containing groups are removed and the less oxygen-
containing groups are left on the GO surface and edges.
)erefore, the reduction of oxygen-containing groups in GO
is related to the decrease in the SERS activity. In addition, we
also noticed that the fluorescence background in the SERS
spectrum gradually decreased with the prolonged reduction
time. )is may be because some of the sp2 structures were
recovered during the reduction process, which increased the
size of the sp2 structure and further improved the fluores-
cence quenching efficiency of the R6G molecules.

4. Conclusions

In summary, we prepared GO using Hummers’ method and
studied its SERS activity using R6G as a probe molecule.
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Figure 4: Raman spectra of R6G drop casted on the surface of Si
wafer and GO. )e inset displays the structure of R6G.
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Figure 5: SERS spectra of R6G adsorbed on the surface of GO (a),
rGO (10min) (b), and rGO (30min) (c), respectively.
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When the probe molecule is adsorbed on the GO surface, its
fluorescent background is greatly attenuated and its Raman
scattering is enhanced. In addition, after the hydrothermal
reduction of GO, its SERS intensity has decreased, but the
intensity ratio between signal and background has increased.
)is shows that the oxygen-containing group in GO has
a certain influence on its SERS activity. It should be noted
that although GO has strong SERS activity, its fluorescence
background in the SERS spectrum is still relatively strong,
and the intensity ratio between signal and background is not
high. )e moderate reduction can effectively increase the
intensity ratio between the signal and the background, but at
the expense of some signal strength. For this reason, we will
further study how to balance the relationship between the
two by controlling the reduction time to obtain better SERS
activity.
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