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Article history: To explore the role of the interaction between the adsorbed molecules and substrates for
Received 8 March 2013 the charge transfer (CT) induced Raman enhancement, we systematically study the surface
Accepted 12 June 2013 enhanced Raman scattering (SERS) on graphene, graphene oxide (GO) and reduced graph-
Available online 20 June 2013 ene oxide (r-GO) using rhodamine 6G (R6G) as the probe molecule. The Raman spectra of

R6G molecules deposited on these three SERS substrates show remarkable difference in
spectral features due to the different enhancement contributions from the local chemical
groups and the global n-conjugation network of the substrates. What is more surprising is
that for 14 layers graphene-based materials, the Raman signals of R6G on GO are found to
increase intensity with the number of GO layers, while the Raman signals of R6G on differ-
ent graphene/r-GO layers show inverse trends due to dominant n—r stacking mechanism.
Our results provide a comprehensive understanding of the influence of local chemical
groups and the global n-conjugation network on the SERS enhancements. In addition to
high reproducibility, low cost, and good biocompatibility of GO, the rich chemical structures
and the absence of electromagnetic enhancement make it an excellent choice as a tunable
substrate to study the chemical enhancement resulting from the adsorbent-substrate
interaction.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction signals of adsorbing molecules by 6-10 orders of magnitude
[1-4]. It is well-known that there are two main contributions
Surface-enhanced Raman scattering (SERS) is one of the most for this huge enhancement, namely, electromagnetic (EM)

important and powerful techniques to probe the chemical and chemical charge transfer (CT) enhancements. The latter
interaction between the adsorbing molecules and the surface one can offer more information about the adsorbate and
of some metals, which are capable of amplifying the Raman adsorbent molecules, in particular, the adsorption orientation
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[5,6]. However, these two inseparable mechanisms are usually
concomitant in practice, with the EM enhancement playing
dominate role. Hence, a SERS substrate without EM enhance-
ment is highly desirable for the in-depth study on the CT
effect.

Recently, few layers graphene has been demonstrated as
an active SERS substrate which can drastically quench the
fluorescence background of rhodamine 6G (R6G) [7-9] and en-
hance the Raman signal. Significantly, such enhancement by
graphene substrates is considered as the consequence of CT
between R6G and graphene, with no contribution from EM.
These successes provide a direct and convincible way to
understand the exact role of CT without the interference of
EM. The different layers of graphene oxide (GO) and reduced
graphene oxide (r-GO) are derivatives of graphene at different
oxidation degrees. The active oxygen sites of GO and r-GO
have been shown to notably enhance the binding between
graphene and adsorbates (metal/molecule) [10,11]. Hence it
is expected that GO, r-GO as well as graphene, all three graph-
ene-based substrates can serve as excellent CT-only SERS
substrates. Nevertheless, to our best knowledge, no system-
atic investigation of the SERS effect on these three substrates
has been presented.

In this paper, R6G was used as a probe molecule to study
and compare the SERS effects on graphene, GO and r-GO.
Obvious enhancement of R6G Raman signals was observed
on all the three substrates. Moreover selective enhancement
of vibration modes was observable on GO, r-GO and graphene
due to their difference in chemical groups and n-conjugation.
The selectivity in signal enhancement of different spectral
features may be attributed to the difference in the bonding
and orientation of the adsorbed R6G molecules on these sub-
strates. We also studied the effect of SERS on graphene layer
number and observed opposite trends on GO vs. r-GO and
graphene. With increasing the layer number of GO, the Ra-
man signal of R6G increased, while both 14 layers graphene
and r-GO substrates showed decreasing trend. This could be
due to the different interference effect induced by increasing
layers in graphene, r-GO and GO. These systematic spectral
study and comparison could provide comprehensive good
understanding of how SERS effects depend on the chemical

interaction between molecules and graphene-based
substrates.
2. Experimental

2.1. Chemicals

R6G, commercial expanded graphite (CEG), 98% H,SO4, 30%
H,0,, 85% HsPO, and KMnO, were purchased from Sigma-Al-
drich without further purification.

2.2.  Synthesis of GO

GO sheets were synthesized from CEG according to a modified
Hummers method [12-15]. Typically 3 g of CEG was added into
a 9:1 mixture of concentrated H,SO4/H3PO,4 (360:40 mL) in a
flask, which was immersed in an ice bath. Afterwards, 15¢g

of KMnO, was slowly added to the solution. Meanwhile, the
temperature of the mixed solution was maintained below
20 °C for 2 h to avoid overheating and explosion. The mixture
was stirred for 5days. Then, 10 mL of 30% H,0, was added
into the solution in order to completely react with the
remaining KMnOy,, resulting in a bright yellow solution. Final-
ly, the mixture was washed with distilled water until the pH of
the solution was approximately 5. GO powder was obtained
after freeze drying of the suspension.

2.3.  Preparation of GO thin-film

Si wafer with 300 nm SiO, (SiO,/Si) capping layer was used as
the substrate of GO thin film. The SiO,/Si substrates were
cleaned in piranha solution [16] (a 3:1 mixture of concentrated
98% H,S0,4 and 30% H,0,) at 100 °C for 1 h. The substrate sur-
face became hydrophilic after the piranha treatment. GO
films were deposited onto the SiO,/Si substrates by dip-coat-
ing method.

2.4. Preparation of r-GO thin-film

R-GO film was produced by heating the as-prepared GO thin-
film in a 1:5 Hy/Ar stream at 400 °C in a tube furnace for 2 h.

2.5. Preparation of graphene

Graphene was prepared using micromechanical exfoliation of
HOPG, which was showed in Supporting information.

2.6.  Preparation of SERS samples

R6G, a common probe molecule in SERS experiments, was
used to verify the SERS effect of these three substrates. In a
typical preparation, the graphene-based substrate, i.e. as-pre-
pared GO thin-film, r-GO thin-film or graphene was first
soaked in a 10~> M R6G solution for 1 h, then washed with dis-
tilled water to remove those physically adsorbed molecules,
and then dried in air.

2.7. Raman measurements

Raman spectra were recorded on the WITEC CRM200 Raman
system using a 600 lines/mm grating and a 100x objective
lens (NA=0.95). Nd: YAG green laser with 532nm wave-
length was used to excite Raman signal with the low power
of 0.1 mW. An integration time of 3 s was used in the mea-
surements to reduce the heating effect induced by laser.
The 2D Raman images were obtained by moving a piezo-
stage with 100 nm step size. The ScanCtrl Spectroscopy Plus
software (WITec GmbH, Germany) controlled the stage
movement and recorded the data point by point. WITec Pro-
ject software can also perform the analysis of Raman spectra
and images.

2.8.  X-ray photoelectron measurement

X-ray photoelectron spectroscopy (XPS) measurement was
carried out on a Thermo Scientific ESCALAB 250.
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3. Results and discussion

3.1.  SERS of single layer GO, single layer r-GO and SLG

3.1.1.  Selective enhancement of vibrational Raman modes

The typical Raman spectra of R6G molecules adsorbed on sin-
gle layer GO, single layer r-GO and single layer graphene (SLG)
are shown in Fig. 1a, c, and e, respectively. All the three spec-
tra show strong SERS peaks [17,18] with low fluorescence
background. The prominent quenching of R6G fluorescence
in these spectra is due to the absence of electromagnetic
(EM) effect while the strong Raman signals are attributed to
CT between the molecules and substrates, indicating the
existence of strong chemical interaction. Importantly, the

Raman spectra obtained from SLG, single layer GO and single
layer r-GO exhibit distinguishable spectral features, namely,
selective enhancement of Raman modes on different sur-
faces. Three bands characteristic of R6G, i.e. P1, P2 and P3
are observed in all the three spectra. P1 at 612 cm™" and P2
at 774cm™! can be assigned to in-plane and out-of-plane
bending motions of the carbon and hydrogen atoms of the
xanthenes skeleton, respectively while the bands observed
at 1648 cm™! (labelled as P3) is attributed to an aromatic
stretching vibration mode. The positions of P1, P2 and P3
agree well to those reported for R6G on Ag nanoparticles
[5,17] or in ethanol solution [19] though their relative intensity
varies on the three graphene-based surfaces. The strongest
peak remains as P3 on SLG (see Fig. 1e), which implies that
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Fig. 1 - Typical Raman spectra of R6G on three different substrates, i.e. single layer GO (a and b), single layer r-GO (c and d) and
single layer graphene (SLG) (e and f), all showing three peaks P1, P2 and P3, which are characteristic of R6G. The inset images
are the optical images of these three samples. The corresponding Raman images of Iy, (b, d and f-top), Ir. (b, d and f-middle),
Ips (b, d and f-bottom) are plotted alongside the Raman spectra on the three graphene-based surfaces.
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Fig. 2 - Images of relative intensities ratios of selected P1, P2 and P3 Raman peaks of R6G on single layer GO (a), single layer
r-GO (b) and SLG (c), respectively. Both Ip,/Ip; (top) and I,,/I,; (bottom) are the strongest on single layer GO and weakest on SLG

(c-top).
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Fig. 3 - Typical C1s XPS spectra of (a) the different layers of GO and (b) the different layers of r-GO. The spectra were fitted into
four components Pa, Pb, Pc and Pd. The latter two peaks reflect the contributions from oxygen-bonded carbon species.

the R6G molecules align their long axis along the graphene
surface and interact with the SLG through the aromatic rings.
The intensity of the P3 peak for single layer GO (see Fig. 1a) is
much lower than P1 and P2 peaks (Fig. 1a), indicating that the
aromatic rings of R6G are not parallel to the surface of single
layer GO or the R6G aromatic rings and the single layer GO
aromatic rings are separated by chemical groups. As for single
layer r-GO the P3 peak intensity (Fig. 1c) is low but is relatively
enhanced compared to that of single layer GO due to the
recovery of the graphene structure. The relative intensity of
these three peaks is P1x~P2>P3 for single layer GO;
P1>P2 =~ P3 for single layer r-GO; and P1~ P2 « P3 for SLG.
The correlated Raman mappings plotted based on the inten-
sities of P1, P2 and P3 peaks are displayed in Fig. 1b, d and f,
respectively.

To project the variation of the relative peak intensity on
the three graphene-based surfaces, the images of Ip:/Ip3 and
I,2/Iy3 are plotted in Fig. 2. It becomes obvious that P1/P3
and P2/P3 in Fig. 2b for single layer r-GO are significantly low-
er than those of single layer GO in Fig. 2a.

The significant spectral differences in the obtained SERS
spectra of R6G on these three SERS substrates could be attrib-
uted to the variation in adsorption bonding and molecular
orientation. Most of the aromatic dye molecules such as
R6G are found to lie parallel to the surface of graphene
[7,20,21]. For the graphene substrate, the long axis of the
R6G molecules should be approximately parallel to the layer
of graphene due to strong n-n stacking, which induces charge
transfer (CT) between the R6G and graphene and is responsi-

ble for the strong Raman signal enhancement and the
quenching of fluorescence [7,20]. P1 and P2 are weak for SLG
in Fig. 1le whereas they are relatively strong for GO as shown
in Fig. 2a. Therefore, there most likely exists an additional
enhancement mechanism for the different layers of GO and
1-GO substrates besides the mn—n stacking interaction. Yu
et al. [11] reported that mildly reduced graphene oxide (MR-
GO) nanosheets significantly increased the Raman signal of
Rhodamine B (RhB) molecules due to the presence of highly
electronegative oxygen species. The species can introduce a
strong local electric field around the adsorbed molecules,
which is possibly responsible for the additional enhance-
ment. To determine the species and concentrations of oxygen
functional groups on the different layers of GO and r-GO, XPS
measurements were performed.

3.1.2. XPS measurements

The XPS C 1s spectra of the different layers of GO and r-GO are
shown in Fig. 3a and b, respectively. According to the previous
theoretical and experimental studies [11,22,23], the C1s spec-
tra were fitted to four components, i.e. the sp? carbon peak
centred at 285 eV (labelled as P,), sp® hybridized carbon at
286 eV (labelled as Py), C-O peak at 287.2 eV (labelled as P.),
and COO peak at 288.8 eV (labelled as Pg4) respectively. Based
on first principle calculation results [22], P. is the conse-
quence of epoxy, ether, hydroxyl, carbonyl, and carbonyl-edge
groups, while P4 originates from epoxy pairs, epoxy-hydroxy
pairs, and carboxyl groups. The low intensity of the sp® peak
(Pa in Fig. 3a) and high intensity Pc peak imply that the



426

CARBON 62 (2013) 422-429

as-prepared the different layers of GO was heavily oxidized.
The C/O atomic ratio was approximately 1.8:1 for the as-pre-
pared the different layers of GO. After reduction, this ratio
substantially increased to 15.8:1, indicating that most of the
oxygen-related groups on the different layers of GO were re-
moved and the graphene-like framework was nearly
recovered.

As shown in Fig. 3a and b, the intensity of P, and P4 peaks
in r-GO are nearly unchanged after the reduction; while, P. is
greatly depressed and P, greatly enhanced. The latter two
peaks have significant changes with opposite trends which
are similar to the observations reported by Yu et al. [11]. Yu
et al. proposed that this phenomenon could be responsible
for the change in Raman signals. The functional groups corre-
sponding to P, are responsible for the Raman enhancement in
GO, and they have structures different from sp? bonding Py,
As the number of C-O groups that contributed to the P. peak
decreased, the single layer r-GO substrate produced higher
Raman enhancement and the R6G fluorescence was further
suppressed compared to the single layer GO substrate. It is
worth mentioning that the removal of the functional groups
that contribute to P. will most likely result in the formation
of structural domains with defects (i.e. C-C single bonds
and topological defects) on the graphene basal planet. This
change can contribute to an increase in the Py, intensity. The
conductivity of the different layers of r-GO substrate is in-
creased and its fluorescence quenching effect is stronger
compared to those of different layers of GO [11].

Since as-prepared the different layers of GO substrate is
highly oxidized, oxygen functional groups are present on
the basal plane of the different layers of GO and some carbon
atoms in the basal plane are removed, which would slightly
distort the n-conjugation. The oxygen-containing groups re-
lated to P. can generate a strong local dipole moment (uc),
which can induce a significant local electric field (Ej,) under
laser excitation (E,). Furthermore, due to the large polarizabil-
ity («) induced by the large n-conjugated domains, the differ-
ent layers of GO has an additional local electric field. The
interaction between the local electric field and the molecules
can be expressed by the formula: Ejpc = E, + f (10 + o Eo), Where

fis a geometry-related parameter [11]. The enhanced electric
field can spontaneously lead to an orientation change in the
R6G molecules on the different layers of GO surface, which
would result in higher Raman signals for P1 and P2 than that
of P3. Simultaneously, the Raman bands of R6G can be en-
hanced by a highly polarized electric field through coupling
with the Raman polarizability tensors. Nevertheless, when
reducing different layers of GO to r-GO, the local dipole mo-
ment and the polarizability of the different layers of r-GO will
decrease due to the increments of P, component and the
destruction of n-conjugation. The global polarized electric
field of different layers of r-GO can still affect the orientation
of the R6G on different layers of r-GO and result in strong
Raman signal for P1 vibration mode. Therefore, the overall
Raman enhancement of different layers of GO and different
layers of r-GO result from both the n—r stacking interaction
and the weak local electric field from the substrate [11,24].

3.1.3.  Effect of local electronegative oxygen species

To further investigate the effect of the local electronegative
oxygen species on SERS, we performed a controllable experi-
ment to adjust the amount of oxygen species through con-
trolling the pH value of GO films prior to soaking into R6G
solution. By pre-treating with NaOH or HCI solution, the GO
films were expected to respectively cover with high or low
concentration of negative oxygen species [25-27]. The corre-
sponding SERS spectra obtained from the untreated and trea-
ted samples are shown in Fig. 4. P1 and P2 intensities are seen
to increase from the bottom to top spectrum in Fig. 4, reveal-
ing obvious additional enhancements of P1 and P2 modes due
to the increase of negative species. Such observations pro-
vided convincible evidence that the local electronegative oxy-
gen species of different layers of GO could be a dominant
contribution to Raman enhancement.

The electronegative oxygen species on GO and r-GO is sim-
ilar with the halide salts on metal nanoparticles [28-31],
which has been much discussed in the literature, and both
the proposed mechanisms, including salt effect on electro-
magnetic or chemical enhancements. These authors con-
cluded that adsorbed chloride ions locally modify the
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Fig. 5 - The optical images of 1-4 layered GO (a), r-GO (b) and graphene (c) (The number of layers of the GO, r-GO and graphene
are labelled in the images), and the typical Raman spectra of the R6G adsorbed on 1-4 layered GO (d), r-GO (e) and graphene (f).
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Fig. 6 — Typical Raman images of the R6G P1, P2 and P3 peaks respectively on 1-4 layered GO (a), r-GO (b) and graphene (c). (The
number of layers of the GO, r-GO and graphene are labelled in the P1 images at the top image of a-c. The blue dotted lines
show the borders between the regions of different numbers of layers). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

surface electronic structure, and that such modification is
accompanied by reorientation of adsorbed molecules in flat
surface conformation. Denis et al. [5] reported that different
vibrational bands of R6G responded differently to the intro-
duction of NaCl. Specifically, the enhancement factor for
1365 and 1512 cm ™! vibrational bands was 3.2, which is signif-
icantly larger than enhancement factors of 2.3 calculated
using bands at 615 and 775 cm™’. The spectral assignment
of 1365 and 1512 cm™~* bands as aromatic C-C stretching in-
ring vibrational bands and band at 776 cm ' as C-H out-of-
plane bend vibrations are consistent with suggested orienta-

tion changes of R6G molecules caused by coadsorption of Cl
ions. Therefore, our observations of the relative vibrations
bonds are consistent with suggested orientation changes of
R6G molecules caused by the electronegative oxygen species
on GO and r-GO.

3.2 Layer number effect
It is well-known that the electronic structures and properties

of graphene, GO and r-GO are highly dependent upon the
graphene layer number. Hence, we prepare 3 samples with
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version of this article.)

1-4 layers for each graphene-based sample as the SERS sub-
strates for this study (see Fig. 5). The layer number of the sam-
ples was determined using contrast spectroscopy. From Fig. 5,
it is noticed that the Raman spectra of R6G on the three SERS
substrates show different thickness dependence: for 1-4 lay-
ers GO (Fig. 5a), monolayer < bilayer < trilayer < tetralayer;
for 1-4 layers r-GO and graphene (Fig. 5b and c), mono-
layer > bilayer > trilayer > tetralayer. The investigation of SERS
spectra from these three samples with different layers could
get deeper insight into the chemical interactions between ad-
sorbed molecules and substrates.

Fig. 6 displays the corresponding Raman mapping of P1, P2
and P3 on the above 3 sets of 1-4 layered samples, demon-
strating high uniformity and reproducibility of these samples
as SERS substrates.

In our previous work [32-34], the G band intensity depen-
dency on the number of graphene or GO layers was success-
fully explained using Fresnel’s equations, by considering the
interference between the incident laser and scattered Raman
signal in the graphene/GO layers. Similarly we can use Fres-
nel’s equations to understand the layer number effect of
SERS. In Fig. 7 the R6G P3 peak (P3) is plotted as the function
of GO layer number.

It is interesting to note that the intensity of P3 increases
with the number of layers, which is analogous with the ten-
dency of the corresponding G peaks in different layers of
GO. Therefore, The trend for the enhancement effect of GO
with the number of layers could be explained by the interfer-
ence effect. In the case of graphene, Ling et al. [20] reported
that the interference effect induced by different numbers of
graphene layers did not significantly contribute to the Raman
intensity observed for the deposited molecules. The electrical
conductivity of different layers of r-GO is recovered due to the
restoration of the n-conjugation network, of which the value
is approaching that of graphene. Thus, it is rationalized that
different layers of r-GO shows a similar trend as different lay-
ers of graphene, and the interference effect induced by the

different numbers of layers for r-GO does not play a major role
in the SERS enhancement of the adsorbed molecules.

4, Conclusions

Based on the above studies, we conclude that the oxygenated
groups and the n-conjugation on different layers of graphene,
1-GO and GO substrates can significantly affect the bonding
and orientation of the R6G adsorption, which results in the
substrate-selective and the layer-number dependent
enhancement of the Raman signals for the molecules on
the three substrates. For R6G on graphene n-rn stacking is
the dominant CT mechanism for SERS and the Raman inten-
sity decreases with increasing layer number. In contrast, the
Raman signals of the molecules generally increase with
increasing the number of the GO layers and oxygenated
groups may play significant role in the SERS on GO surfaces.
This is the first report of systematic comparison regarding
the Raman enhancement of the molecules on the surface of
different layers of graphene, r-GO and GO. As SERS substrates,
different layers of GO and r-GO have many advantages over
different layers of graphene such as easier preparation, lower
cost, and better biocompatibility. Moreover, compared to dif-
ferent layers of r-GO and graphene, ultrathin (<4 layers) GO
sheets result in a stronger Raman enhancement. This study
provides a general understanding of the substrates effect on
the bonding and orientation of the molecule adsorption,
which will be beneficial for the study on the chemical
enhancement mechanism regarding the interaction between
the molecule and the substrates.
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