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Among many exciting applications
of graphene discovered in recent
years,1-3 the use of graphene to

study surface-enhanced Raman spectroscopy
(SERS) ofmolecules is particularly interesting4,5

because it allows the separation of the often
entangled two well-known mechanisms in
SERS, namely, the chemical enhancement
and the electromagnetic enhancements. The
electromagnetic enhancement generated
by the surface plasmon of the metal sub-
strates has been extensively investigated for
various systems in recent decades.6-10 How-
ever, the origin and the role of the chemical
enhancement are constantly under debate
because of its entanglement with the elec-
tromagnetic enhancement. It is, therefore,
important to find a substrate that does not
possess the electromagnetic enhancement,
retaining the chemical enhancement alone
and independently tunable. The use of gra-
phene is particularly interesting in this case.
Indeed, a recent experiment has shown that
the mechanically exfoliated graphene (MG)
can result in the fluorescence quenching
and Raman enhancement ofmolecules with
a maximal factor of 17.4 Such a modest
enhancement is believed to be caused by
the electron transfer between the graphene
and the molecule adsorbed on the sur-
face,4,5 although the charge-transfer pro-
cess itself has not been well understood.
Nevertheless, graphene can provide a good
platform for studying the chemical enhance-
ment in SERS because its structure can be
easily modified and controlled through either
physical or chemical processes. In this con-
text, graphene oxide (GO) could be the first
choice because of its rich chemical struc-
tures. As a result of the oxidation treatment

in its preparation process, GO possesses
sufficient active oxygen sites, which can
notably enhance the graphene-metal/mo-
lecule binding.11,12With GO, one can at least
study the impacts of local chemical groups
and global π-conjugation network on the
SERS ofmolecules. Moreover, GO is valuable
inmany other areas, such as highly sensitive
biosensing,13 biocompatible drug delivery,14

and high-capacity hydrogen storage.15,16

With the underlying enhancement mecha-
nisms well understood and controlled, SERS
might eventually become a powerful tool
to study the interface of these GO-related
systems.

* Address correspondence to
yiluo@ustc.edu.cn (Y.L.),
xpwang@ustc.edu.cn (X.W.).

Received for review September 6, 2010
and accepted December 20, 2010.

Published online
10.1021/nn102291j

ABSTRACT Chemical enhancement is an important mechanism in surface-enhanced Raman

spectroscopy. It is found that mildly reduced graphene oxide (MR-GO) nanosheets can significantly

increase the chemical enhancement of the main peaks by up to 1 order of magnitude for adsorbed

Rhodamine B (RhB) molecules, in comparison with the mechanically exfoliated graphene. The

observed enhancement factors can be as large as∼103 and show clear dependence on the reduction

time of graphene oxide, indicating that the chemical enhancement can be steadily controlled by

specific chemical groups. With the help of X-ray photoelectron spectra, these chemical species are

identified and the origin of the observed large chemical enhancement can thus be revealed. It is

shown that the highly electronegative oxygen species, which can introduce a strong local electric

field on the adsorbed molecules, are responsible for the large enhancement. In contrast, the local

defects generated by the chemical reduction show no positive correlation with the enhancement.

Most importantly, the dramatically enhanced Raman spectra of RhB molecules on MR-GO nanosheets

reproduce all important spectral fingerprints of the molecule with a negligible frequency shift. Such a

unique noninvasive feature, along with the other intrinsic advantages, such as low cost, light weight,

easy availability, and flexibility, makes the MR-GO nanosheets very attractive to a variety of practical

applications.

KEYWORDS: mildly reduced graphene oxide • surface-enhanced Raman spectros-
copy (SERS) • chemical enhancement • oxygen-containing groups • π-conjugation
molecular fingerprint • noninvasive
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In general, the chemical enhancement in SERS is
thought to be originated from the formation of che-
mical bonds, the resonance, and light-induced charge
transfer between the molecule and the substrate.17-19

All these effects could, in principle, affect the geome-
trical or electronic structure of the adsorbedmolecules,
leading to observable spectral shifts and intensity
changes. In this paper, we have systematically studied
the performance of mildly reduced graphene oxide
(MR-GO) as an active substrate for SERS. Using Rhoda-
mine B (RhB) molecules as a probe, it is found that,
under well-controlled reduction conditions, the en-
hancement factors (EFs) of the main peaks can be
increased by almost 1 order of magnitude in compar-
ison with that of MG. It shows that the Raman signals
can still be clearly detected even at a very low concentra-
tion of RhB, which is down to ∼10-8 M or less. Another
striking observation is that the SERS of RhB molecules
on MR-GO completely resemble the spectral features
of those in solution with inappreciable frequency shifts, in
contrast to those that might be expected from chemical
enhancement. In combination with X-ray photoelec-
tron spectra (XPS), the chemical groups onMR-GO that
affect the molecular Raman signals dominantly are
determined, and the possible enhancing mechanisms
are suggested.

RESULTS AND DISCUSSION

As known, GO produced by oxidation treatment of
graphite, followed by exfoliation, contains domains of
sp2 carbon atoms as well as randomly distributed sp3

hybridized carbons20 bearing the oxygenated surface
functional groups. The lateral size of GO can be up to
several hundreds of micrometers,21 which makes it
exceptionally suitable for the practical use as a sub-
strate. Although it has a modest contrast on most sub-
strates, it can be recognized easily on the SiO2/Si sub-
strate with a 300 nm SiO2 top layer after reduction
(as shown in Figure S1 in the Supporting Information).
We used AFM to characterize the thickness and surface
topologyof theMR-GO,bywhicha thicknessof∼1.0nm is
determined from the step height. Compared to pure

graphene, the disturbed hexagonal structure in GO
makes the D and G peaks in its Raman spectrum
undergo significant changes: Both the G and the D
peaks are broadened, and the intensity ratio of D to G
peak becomes larger. After reduction, the D/G ratio is
further increased (Figure S1, Supporting Information).
One possible reason is that theπ-conjugation network of
the graphene framework could not be fully restored by
the chemical reduction; instead, the oxidation/reduction
process decreases the size of individual sp2 domains but
increases their overall presence in the material.22

Figure 1a shows a series of Raman spectra of RhB on
the surface of 3 min-reduced MR-GO, which can be
identified definitely by the main peaks of the vibration
modes at 1281, 1359, 1508, 1564, and 1649 cm-1. The
samples were prepared by separately soaking the
substrates with a series of RhB aqueous solutions, from
5� 10-5 to 5� 10-8 M, and the signals were found to
monotonically diminish with the decreased concentra-
tion. One particularly interesting case is that the Raman
signals can even be clearly observed onMR-GO soaked
with RhB solution at a concentration as low as 5� 10-8

M. Although the concentration of the soaking solution
and the amount of the adsorbed molecules are not
always linearly related, for the substrate with a large
size, it is reasonable to believe that the coverage (or
adsorption probability) of the molecules could be low
at such a low concentration. It should be stressed that
RhB is a dye molecule with an intensive fluorescence
background and is generally difficult to detect through
conventional Raman at such diluted concentrations.
However, herein, the vibration fingerprints of RhB can
be clearly observed on MR-GO despite the low soaking
concentration. Moreover, on the surface of 3 min-
reduced MR-GO, we found that the fluorescence back-
ground is sufficiently depressed and the Raman/fluor-
escence signal-to-noise ratio is significantly increased.
The appearance of Raman signals under such a low
concentration suggests that there may be an enhance-
ment effect. For comparison, we also prepared RhB-
soaked few-layer MG (the morphological information
can be found in Figure S6, Supporting Information) and

Figure 1. (a) Raman spectra of RhB on the 3min-reducedGO. A series of soaking concentrationswere used: 5� 10-5 M (black
line), 5 � 10-7 M (red line), and 5 � 10-8 M (blue line). The integration times were all 10 s. (b) Raman spectrum on 3 min-
reduced GO (red line) compared with that on MG (black line). Both samples were soaked in 5� 10-5 M RhB aqueous solution
before themeasurement. The G peak of graphene is marked by a star. The integration times were both 20 s. The spectra have
been offset vertically for visualization.
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obtained a Raman spectrum on it, which is shown in
Figure 1b. The strongest Raman peak for the MG is the
G peak of graphene, which is marked by a star. Com-
pared with the spectrum on theMR-GO, it is found that
thepeaks at 1356, 1506, and 1649 cm-1 aremuchweaker.
Also, there are some new peaks appearing, such as
those at 768 and 1311 cm-1. In fact, in the previous work
on an MG substrate,4,5 it has been suggested that the
use of graphene can improve the Raman/fluorescence
ratio and enhance the Raman signals. However, due to
the diverse Raman responses of the different vibration
modes, the main characteristic peaks, such as those
at 1356, 1506, and 1649 cm-1, can only be marginally
enhanced; furthermore, the Raman fingerprints of the
molecule on MG have been greatly changed. In this
context, it is interesting to find out that the MR-GO
studied here is amuch better SERS substrate, providing
much enhanced Raman signals with the molecular
spectral fingerprints much better preserved, and this
is vital for identification of molecules. A more detailed
comparison of the EFs for the MG and the chemically
reduced GO at the 1649 cm-1 characteristic peak (as
shown in Figure S8, Supporting Information) reveals
that the EF is at least 1 order of magnitude larger for
MR-GO than that for MG. The large difference between
the spectrum on MG and that on MR-GO indicates that
the surface electronic states of these two substrates are
quite different. As the surface structure of MR-GO can
be simply controlled by the reduction time, we have
prepared a series of chemically reduced GO at different
reduced stages and examined their Raman performances.
In Figure 2a, Raman spectra of RhB on the surfaces of

as-prepared GO and 3 min-, 10 min- and 8 h-reduced
GO are compared. All of these samples are carefully
chosen tomake their sizes,morphologies, and thicknesses
comparable, as demonstrated in Figure S2 (Supporting
Information). The sizes of the chemically reduced GO
and MG are much larger than the laser spot size to
ensure the equal excitation condition, and the thick-
nesses are confirmed by AFM to be ca. 1-1.2 nm, all
corresponding to a single-layer grapheneorGO sheet.23,24

The features of the Raman spectra are similar for all

samples under our investigations. It should be men-
tioned that, although the as-prepared GO has a much
worse Raman/fluorescence ratio and a poor optical
contrast, further and appropriate reduction can signifi-
cantly improve the both. Therefore, our study is fo-
cused on the performance of the chemically reduced
GO at different reduced stages. In general, the inten-
sities of the Raman signals decrease with the increase
of the reduction time. On the surface of the 8 h-reduced
GO, the signal is so weak that the peaks at 1359 and
1597 cm-1 are almost covered up by theD andGpeaks
of the graphene substrate. To compare the enhance-
ment more quantitatively, we have calculated the EFs
(the detailed method is described in the Supporting
Information) for the main Raman peaks of RhB on a
series of chemically reduced GO substrates, which are
given in Figure 2b. As shown, the EFs are different for
different Raman peaks, which could be a result of
inhomogeneous interaction between the substrate
and the molecule. Besides, the vibrational coupling
between the molecule and MR-GO is possibly another
contributing factor that cannot been ruled out.4,25,26

Generally, the EF exhibits a monotonic decrease with
respect to the reduction time, although it could remain
almost unchanged against very slight reductions
(Figure S8, Supporting Information). In the case of the
3min-reduced GO, the largest EF value is about 684 for
the vibrationmode at 1597 cm-1, whereas the smallest
one is 61 for the vibrationmode at 622 cm-1. As for the
8 h-reduced sample, the EF is only 232 for the peak at
1597 cm-1 and 14 for the peak at 622 cm-1. It is also
noted that the peak around 1649 cm-1 shows the
sharpest drop as the reduction time increases. Apart
from the greatly improved enhancement, the most
striking observation is that, under all conditions, each
Raman peak remains at the same position, indicating
that the changes in chemical compositions on chemi-
cally reduced GO have little effect on the basic inter-
action between the substrate and themolecule. From a
chemistry point of view, the reduction process could
have two effects: removing certain chemical groups and
changing the structure of the basic graphene framework.

Figure 2. (a) Raman spectra of RhB on GO (black line) and various reduced GO substrates reduced for 3min (blue line), 10min
(red line), and 8 h (green line). The concentration of the RhB solution used for the RhB adsorption is 5� 10-5M for all samples.
The broad peak at 960 cm-1 is from the SiO2/Si substrate. The integration time is 10 s for all cases. The spectra have been
offset vertically for visualization. (b) Enhancement factors (EFs) for the main vibration modes of RhB on the series of reduced
GO in (a).
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FromRaman spectra alone, one cannot tell much about
whathashappened to thesubstrateduring the reduction.
To understand the effect of chemical reduction, XPS
measurements have been carried out for chemically
reduced GO at different reduction times.
One might argue that the chemically reduced GO at

different reduction times could have different abilities
to adsorb RhB molecules. Fewer molecules might
be adsorbed on the sample with a higher degree of
reduction, thus resulting in the decrease in Raman
signals. To clarify this point, we used XPS to determine
the quantities of molecules deposited on the substrates
with different reduction levels. By comparing the normal-
ized contents of nitrogen element in the chemically
reduced GO substrates with and without RhB adsorp-
tion under different reduction stages (the spectra can
be found in Figure S3 in the Supporting Information),
we found that the RhB contents on the different sub-
strates are almost the same. Moreover, we also used
high-vacuum evaporation to deposit RhB of the same
thickness on the surfaces of 3 min-, 10 min-, and 8
h-reduced GO. The result also shows that the Raman
signals decrease with the increase of the reduction
level (Figure S5 in the Supporting Information), which
is in good agreement with the result on the soaking-
prepared samples. All of these indicate that the differ-
ence in the Raman enhancement should be attributed
to the intrinsic nature of the substrate and its interac-
tion with the probe molecule. To further study the
effect of GO's surface chemistry on the molecular
Raman enhancement, XPS on the carbon K-edge is
exploited to quantitatively investigate the surface prop-
erty as well as its evolution at different reduction levels.
The carbon K-edge XPS spectrum of GO is given in

Figure 3a (the corresponding full spectral survey of XPS
is shown in Figure S4, Supporting Information). A recent

first-principles theoretical study has successfully assigned
the XPS spectrum of GO, and the spectral positions of
different oxygen-containing groups have been fully
determined.27 On the basis of previous theoretical and
experimental studies,28,29 the C 1s spectrum can be
fitted by four components, as shown in Figure 3a:
a peak of sp2 carbon centered at 285 eV, a P1 peak at
about 286 eV representing sp3 hybridized carbon, a P2
peak at 287.2 eV, and a P3 peak at 288.8 eV. The observed
large intensity of the sp2 peak implies that the as-
prepared GO is not heavily oxidized. Calculations have
shown27 that the P2 peak originates from epoxy,
ether, hydroxyl, carbonyl, and carbonyl-edge groups,
whereas the P3 peak is mainly contributed by epoxy
pair, epoxy-hydroxy pair, and carboxyl. The local
structures of the above-mentioned oxygen-containing
groups are given in Figure 3d. The areas (namely, the
integrated intensities) of these four spectral compo-
nents as functions of the reduction time are summarized
in Figure 3c. It can be seen that, during the reduction,
the sp2 and the P3 peaks remain almost unchanged,
whereas the P2 peak gradually decreases and the P1
peak increases. The contents of the latter two compo-
nents show clear changes, although with completely
opposite trends, and they could be responsible for the
observed decrease in the Raman signals with the
reduction time. Naturally, we suspect that the groups
contributing to the P2 peak are favorable for the
Raman enhancement, whereas the structures contri-
buting to the P1 peak are not. It should be mentioned
that the removal of P2-type groups could most likely
generate fresh defective carbon domains consisting of
C-C single bonds, C-N30 (as a result of nitrogen
doping on hydrazine hydrate reducedGO), and topolog-
ical defects, all of which contribute to the increase of
the P1 peak. Schematic model structures of the newly

Figure 3. (a) The XPS of as-preparedGOunder investigation. The C 1s peak is fitted by four components labeled as sp2, P1, P2,
and P3. (b) TheXPSof 8 h-reducedGO. (c) The evolutions of individual spectral components as functions of the reduction time.
(d) Cluster models for the involved oxygen-containing groups mainly responsible for the P2 peak and newly arisen defective
carbon structures that contribute to the increase of the P1 carbon. Gray, white, red, and blue spheres, respectively, represent
carbon, hydrogen, oxygen, and nitrogen.
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produced defective carbon domains that are possibly
responsible for the increase of the P1 peak are given in
Figure 3d. Although the total area of the sp2 domains
slightly increases after reduction (which results in
the increase of the conductivity and fluorescence
quenching), these defective structures could decrease
the size of each sp2 domain, as supported by the
increase in the D/G ratio in their Raman spectra
(Figure S1, Supporting Information), which severely de-
stroys the π-conjugation of the substrate. The favor-
able contribution from P2 is understandable because
the related oxygen-containing groups shown in
Figure 3d possess a strong local dipole moment (μloc)
that can induce a considerable local electric field (Eloc)
under the laser excitation (E0). Moreover, the as-pre-
pared GO with larger π-conjugated domains has a
larger polarizability (R), which can also contribute an
extra local electric field. In this case, the local electric field
that interacts with the molecules is determined by a
simple relationship: Eloc = E0 þ f(μloc þ RE0), where f

is a geometry-related parameter.31 Such an enhanced
electricfield couldnaturally result in the enhancement of
the Raman signals. However, after the chemical reduc-
tion, the local dipole moment will be depressed due to
the increased P1 components with on-plane structures,
and the polarizability of the substrate also significantly
decreases because of the broken π-conjugation. To the
best of our knowledge, this is probably a new chemical
enhancement mechanism that has been completely
overlooked in the past. Besides the evolution of surface
structure, our XPS study has also shown that the
numbers of RhB molecules adsorbed on the reduced
GO at different reduction levels remain almost con-
stant (Figure S3, Supporting Information), but the
content of nitrogen atoms in the reduced GO increases
monotonically. The involvement of the extra nitrogen
atoms in the GO will certainly be responsible for the
formation of more in-plane defects and the generation
of a P1-type component. However, more sophisticated
experimental tools are needed to reveal a more detailed
picture of the local structures.
One important parameter that can be used to

identify the interaction between the substrate and
the molecule is the spectral shift. Stronger interaction
should, in principle, lead to larger spectral shift. With
this in mind, we have compared the Raman spectrum
of RhB deposited on the surface of 3 min-reduced GO
with that of a RhB aqueous solution in Figure 4. It
should be mentioned that a high concentration of RhB
is necessary to obtain detectable Raman signals in its
aqueous solution. Asmarked in Figure 4, themain Raman
peakshavebeenassigned following the literature.32,33 It is
quite surprising that all the observed spectral features
have a one-to-one correspondence between these two
samples and show almost no spectral shift. Because the
results given in Figure 2 have already shown that there
is no observable spectral shift in the Raman spectra of

molecules on GO substrates with different reduction
levels, this at least shows that the interaction between
the RhB and the MR-GO is weak. The fact that such a
weak interaction can induce such a large chemical
enhancement in SERS is quite unusual, as we discussed
above, but it is very useful for practical applications
because it can provide clear molecular identification
without any complications. We also noted that, in a
very recent experimental work,34 specially designedAu
particles isolated by an oxide thin shell have been used
to eliminate the interference of the adsorbedmolecule
from the environment as well as any possible unde-
sired reactions between the molecules and the metal
particles. Without any need of chemical functionaliza-
tion, it can be spread on arbitrary substrates to detect
the signals of molecules adsorbed on the substrates.
Their result significantly expands the applicability of
SERS and the high sensitivity as well as high accuracy
can be easily achieved even in liquid environments
(e.g., the in situ studies in wet chemistry and biology),
which is impossible to be realized by TERS. It is encoura-
ging that a simple substrate, such as MR-GO studied
here, could, in principle, achieve the same goal. Of
course, the metal-dielectric core-shell nanostructures
can still give much stronger spectral signals because of
the involvement of electromagnetic enhancement.
From the spectral assignments, one can see that the

strong enhancement seems to be associated with
aromatic C-C bonds, suggesting that the aromatic
rings in RhB are closely interacting with the substrate,
in particular, the P2 components. The π-π stacking
and the lone pair electrons in the oxygen-containing
groups between the RhB molecule and the MR-GO are
the major driving force for the observed large Raman
enhancement. Obviously, one cannot completely rule
out the contributions from the possible hydrogen
bonding.35 In any cases, the performance of the MR-
GO substrate is in stark contrast to that of the graphene
(MG) substrate, where the charge transfer between
the molecule and the substrate was assumed to be the
dominant factor that is usually accompanied by large
spectral shifts.4,5 The different performance could be
primarily, if not all, attributed to their different chemical

Figure 4. Raman spectrum of RhB molecules in an aqueous
solutionof 50mM(red line) and that on the3min-reducedMR-
GO (black line) deposited by soaking the substrate with 50 μM
RhB aqueous solution. The integration times are both 20 s.
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structures. It is well known that the graphene on the
substrate can possess large numbers of delocalized car-
riers due to unintentional doping from the substrate,36,37

whereas in the MR-GO, the presence of oxygen-con-
taining groups breaks the extended π-conjugation
network of graphene into small local domains and,
consequently, localizes or depletes the free carriers.

CONCLUSION

We have systematically examined the SERS of RhB
molecules on chemically reduced GO as a function of
reduction time. In combination with XPS spectra, both
the important oxygenated groups and the local defects

on the chemically reduced GO substrate that can
significantly affect the molecular Raman signals have
been identified. It is found that MR-GO can result in the
largest Raman enhancement arising from a new che-
mical enhancing mechanism and hold much better
performance than MG. Moreover, a unique property of
MR-GO as a SERS substrate has been discovered: it is
found that the SERS signals resemble well the native
spectrum of themolecules in solution with a negligible
frequency shift. The peculiar advantages of high-fide-
lity, large enhancement, and nondestructive features
make MR-GO exceptionally useful for applications of
SERS in life science and food safety.

METHODS
The GO was produced by oxidation treatment of graphite

(high purity, 99.9999%, 200 mesh, Alfa-Aesar) based on the
modified Hummer method.38 After the pretreatment, the dried
powder was inserted into a hot furnace of 750 �C under a
protective gas flow (Ar/H2 with 5% H2 in volume ratio) and held
in this temperature for 10 s. The thermally expanded graphite
then underwent the rest of the oxidation treatment. After being
washed clean with water and multiple centrifugations, the
oxidized product exfoliated to GO nanosheets and formed a
uniform aqueous solution of GO under stirring. By this approach,
large single-layer GO nanosheets with lateral sizes up to tens of
micrometers can be obtained and the π-conjugation carbon
network can be kept away from severe destruction due to the
milder oxidation treatment. Then, it was diluted to a stable 0.01%
aqueous dispersion for the deposition of GO without further
treatment. The water used in all of this work is deionized with
a resistivity as large as 18.2 MΩ. The GO was deposited on the
surface of the SiO2/Si substrate with the oxide thickness of 300
nm via drop-casting. Before the GO deposition, the substrate
was washed with acetone, ethanol, and water in turn. The MR-
GO was then prepared by chemically reducing the GO na-
nosheets through controlling the exposure to hydrazine hy-
drate vapor. In a typical process, the drop-casted samples were
loosely sealed in a small chamber together with adequate
hydrazine hydrate (85 wt % in water) and reduced for 3 min,
10 min, and 8 h. The temperature of the cell was kept at 80 �C
during the reduction. After the reduction, the reduced samples
were rinsed and blown to dry. We distinguished the single-layer
graphene by the contrast in the optical microscope images and
confirmed it by atomic force microscopy (AFM).
RhB purchased from Sigma-Aldrich (R6626, 95%) was used as

the probe molecule. Soaking was used to deposit the molecule
on the surfaces of MR-GO and the control samples. A series of
RhB aqueous solutions with different concentrations (5 � 10-5

M, 5� 10-7M, 5� 10-8M) diluted from the sameoriginal solution
were used for the soaking. The soaking time was 30 min for all
the cases. After soaking, the samples were repeatedly rinsed
with plenty of water to remove the unadsorbed molecules and
were then dried for the SERS experiment.
Raman spectra were obtained using a LABRAM-HR Raman

spectrometer with an excitation wavelength of 514.5 nm
generated by an Arþ laser. For the need of experiments, different
integration times have been used, which can be found in the
context. The focused laser spot is about 10 μm with a constant
on-sample power of ∼1 mW. For all of the Raman spectra, the
baselines have already been subtracted. The AFM images were
collected under a dynamic force microscope mode with an SPA
300HV microscope (Seiko Instruments, Inc.). The XPS measure-
ments were performed using an ESCALAB 250 X-ray photo-
electron spectrometer with a monochromatic Al KR radiation
(hν = 1486.6 eV).
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