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The present work accomplishes surface enhanced Raman scattering (SERS) studies using the combination of stable, 
diluted and isolated gold nanoparticles (Au NPs) of tailored size (~ 50 nm) and distribution on two dimensional carbon 
nanostructures (2D-CNS) i.e. graphene oxide (GO) and reduced graphene oxide (RGO). Fabricated using a simple, 
quick and cost effective method, these SERS substrates have enough synergistic enhancement from each Au NPs and 
underlying CNS matrix with sensitivity enough to easily detect 10-6 molar concentrations of analyte, 4-mercaptobenzoic 
acid (4-MBA). Further, uniform distribution of Au NPs ensures great reproducibility showing potential for standardization 
in future. © Anita Publications. All rights reserved.
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1 Introdction

	 Surface-enhanced Raman scattering (SERS) is a surface selective and highly sensitive spectroscopic 
technique for molecular detection and surface analysis [1,2]. SERS offers higher magnitude of increased 
intensity and suppresses the fluorescence signal while selectively enhancing the Raman signal, and produces 
chemical fingerprinting with sensitivity enough to enable single-molecule detection [3]. Two widely accepted 
enhancement mechanisms are the dominant electromagnetic mechanism (EM) (contributing about 108 of 
enhancement) and the chemical mechanism (CM) (contributing one or two orders of enhancement), together 
contributing the overall enhancement [4]. The long range nature of EM relies on the roughness, high curves 
or gapped metal regions of the substrate in order to develop localized electromagnetic field regions called 
as “hot” spots. In this respect, rough noble metal nanoparticles substrates, especially Au NPs having good 
curvature and required optical properties for enhanced surface plasmons on excitation, proved out to be 
one of the most popular traditional SERS substrates with additional advantages such as biocompatibility, 
stability, controllable size and shape distributions [5,6]. Mostly, due to complex distribution of molecules 
on SERS substrate, molecules near the hot spots keep on fluctuating, which is further aggravated by other 
factors like chemical interactions between the molecules and the metal substrate, chemical adsorption-induced 
vibrations, molecular deformation and distortion, etc. [7,8]. These disadvantages demand new materials for 
SERS substrates, which can be fabricated uniformly and economically with particles size small enough that 
an isolated particle can give the required localized surface plasmon resonance effect.
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	 Often termed as a “first layer effect”; unlike EM, CM is a short range effect which requires the 
distance between the molecule and the substrate to be below 0.2 nm. Further, the charge transfer between 
molecule and substrate is possible by having the Fermi level of the metal substrate symmetrically aligned 
with the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
of the molecule [1,9]. These requirements mark the inefficiency of CM in case of noble nanoparticles 
based SERS substrates, but paved the way for graphene substrates based SERS; called now as Graphene 
Enhanced Raman Spectroscopy (GERS). In case of graphene, relatively smooth surface, visible range 
optical transitions [10], and lower surface plasmon [11] make EM ineffective, making CM as the dominant 
mechanism. However, unlike metal substrates, the Raman enhancements are limited and not enough for 
standardization [12]. Nevertheless, flexibility offered by graphene and its derivatives and particularly their 
ability to combine with metal nanoparticles attests its potential as a promising matrix for forming hybrids 
[13] which can take advantage of both EM and synergistically enhanced CM, for an overall commendable 
Raman enhancement; the prime motivation of the present work. 
	 With this aim, the present work utilizes Au NPs supported 2D-CNS matrix, as a commendable SERS 
substrate for testing the efficacy of the Raman Marker; 4-MBA. Finally, in order to produce reproducibility 
enabling future standardization, the present work uses the enhancement upraised from isolated Au NPs 
of tailored size decorated at distances higher than the spectral resolution of the exciting source, still 
producing commendable enhancements without any signal degradation; enough for detecting smallest of 
the concentrations (10-6 M) of the Raman marker. 

2 Experimental

	 Typically the 2D- CNS used here (GO and RGO) were produced using the earlier reports [14,15] 
(supplementary information). Further to produce non agglomerating Au NPs with tailored size, seeded-growth 
method proposed by Perrault et al was followed [16] (Supplementary information). However, in order to 
maximize the localized surface plasmon resonance (LSPR) effect for maximum enhancement from each 
Au NPs, the size was then tailored to 50 nm while simultaneously stabilizing with, polyvinylpyrrolidone 
(PVP).
	 The 2D- CNS- Au nanoparticles composites were prepared by simply adding 300 µL of diluted 
spherical Au NPs into 700 µl of 2 mg/ mL (in distilled water) dispersion of 2D- CNS, succeeded by 
sonication and storage in vibration stand until thin film formation (supplementary information). These two 
composites i.e RGO- Au NP and GO- Au NP were then uniformly spin coated covering entire (5×5) mm2 

silicon substrate to form the SERS substrate on which 5 µL of Raman marker solution of 4-MBA (1 µM) 
was then incubated for overnight at room temperature.

3 Results and Discussion

	 The transmission electron microscopy (TEM) image shown in Fig 1 manifests the homogenously 
stabilized Au NPs, which were well separated and spherical in shape (~50 nm). Figure 2(a) shows the 
TEM image of GO sheets, which is non-contaminated, continuous and few layered in nature. Figure 2 (b) 
corresponding to TEM of GO-Au NPs, clearly shows a single Au NP is decorated on ~(2 × 2) µm2 area. 
The Au NPs have required shape (spherical) and size (50 nm) for effective Raman enhancement effect, 
while the distribution is such that, the distance between Au NPs exceeds the spectral resolution of the laser, 
enabling isolated particles enhancement. Figure 2(c) shows the TEM image of few layered RGO sheets 
of long lateral uniformity like GO. Similarly RGO-Au NPs shown in Fig 2(d) denotes the isolated Au NP 
distribution on the RGO surfaces as in case of GO.
	 In order to check the reproducibility and potential to be used as a standardized SERS substrate in 
future, the work involves Raman mapping (using confocal Raman microscope of WITec Alpha 300R, 632.8 
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nm laser line) of (100 × 100) µm2 area on substrate scanned with an interval of 2 µm with an integration time 
of 1s. Figure 3 represents a simplified schematic of the SERS substrate and the SERS signal enhancement 
obtained.

Fig 1. TEM Image of Au NPs; on inset, isolated Au N

Fig 2. TEM Images of (a) Few layered GO, (b) GO-Au NPs (c) Few layered RGO, (d) RGO-Au NPs
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Fig 3. Schematic illustrating the SERS substrate and the Raman enhancement obtained

Fig 4. (a) Raman mapping image of GO-Au NPs-4-MBA; (b) Corresponding six point’s 3D-SERS spectra. 
(c) The Raman mapping image RGO-Au NPs-4-MBA, (d) 3D- SERS spectra of RGO-Au NPs-4-MBA.

	 Raman imaging of GO-Au NPs- 4-MBA defined for the peak centered at 1585 cm–1 through the 
intensity color profile is shown in Fig 4 (a). The well-defined colored region is a profile for the prominent 
4-MBA band centered ~ 1585 cm–1 (v(CC) ring stretching). In the color profile, the intensity increases 
from violet to red. Evidently, the center part of the substrate is more or less occupied with violet and blue 
color, indicating its more GO nature rather than GO-Au NPs. So the maximum intensity (red color) region 
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indicates the maximum probable place where Au NPs were decorated and are bonded towards 4-MBA. 
These findings can be confirmed by the corresponding Raman spectrum of the six different regions (violet 
to red) (Fig 4 (b)). From the cyan to red color (marked 3 to 6), the corresponding Raman spectrum gives 
well defined peaks of the Raman marker 4-MBA at 1585, 1175, 1070 and 1340 cm–1 even for the low 
concentration (1 µΜ) and amount of Raman reporter molecule, attesting substantial Raman enhancement. 
Also a low profile D (~1350 cm–1) and G-Band (~1580 cm–1) of GO can be observed on the same spectrum. 
But in region 1 and 2, the D and G-Band are more prominent due to the CNS base material contribution. 
Figure 4 (c) represents the Raman mapping image of RGO-Au NPs-4-MBA and the 4-MBA field is more 
nicely distributed here (red region). In the corresponding Raman spectra (Fig 4(d)), a more defined 4-MBA 
characteristics peak can be observed throughout the region 2 to 5. So, both SERS substrates are observed 
to be good base materials utilizing both the EM and synergistically enhanced CM, to detect effectively and 
quickly even the very low concentration of Raman reporter molecule (1 µΜ), which is impossible to detect 
using normal RS [17].

4 Conclusions

	 The present work introduces a simple and quick chemical method to fabricate highly efficient SERS 
substrates based on Au NPs and 2D-CNS (graphene derivatives) combination. The proposed substrates 
have commendable Raman enhancement, taking the advantage of both; i.e. EM from the Au NPs and 
synergistically enhanced CM from Au NP decorated GO/RGO matrix. The tailored Au NPs have a size of 
50 nm to ensure maximum enhancement at the used excitation source (632.5 nm). Further, their distribution 
is such that the distance between the nanoparticles is greater than the spectral resolution of the excitation 
source. These factors enable enhancement which is enough to detect 10-6 M concentrations of analyte with 
appreciable sensitivity. Further, the uniform distribution and isolated particle dependence for enhancement, 
cuts down the ambiguity of variations in hot spot regions, thereby powering these substrates with great 
reproducibility; suggesting great potential for standardization in future.
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1 Experimental

1.1 Materials	
	 Graphite flakes (NGS Naturgraphit GmbH, Germany), tetrachloroauric acid (HAuCl4), 
polyvinylpyrrolidone (PVP), sodium citrate, hydroquinone, 4-MBA, H2SO4, H3PO4, KMnO4, H2O2, 
hydrazine hydrate, ammonia solution, ethanol, etc. used were of technical grade and were procured from 
Sigma-Aldrich. 
1.2 Preparation of Graphene Oxide (GO)
	 The protocol proposed by Marcano et al [1] has been applied for the synthesis of GO. Briefly, a  
9 : 1 combination of concentrated H2SO4: H3PO4 was added to 2 g of graphite flakes and 12 g of KMnO4. 
At a temperature of 50° C, the mixture was stirred for 12 h. The reaction was quenched after the mixture 
was cooled to room temperature (RT) by adding ~260 mL of ice with 2 mL of 30% H2O2. This mixture 
was then shifted, filtered and was washed with distilled water and 30% HCl. The final product obtained 
(GO) was then dried at 70°C.
1.3 Preparation of Reduced Graphene Oxide (RGO)
	 Chemical conversion of GO to RGO is achieved by following the method proposed by Dan Li et 
al [2]. Briefly, a 500 ml (0.25mg/mL) GO dispersion in distilled water was kept for ultra-sonication for 20 
minutes to obtain a light yellowish dispersion. A pH≈10 is achieved for this GO dispersion by adding ~2 
mL of ammonia solution (25%). Further, 400 µL of hydrazine hydrate solution (H6N2O) was added and the 
solution was kept under ultra-sonication at a temperature of 80°C for two hours. Successively, the solution 
stirred at 95°C for 12 hrs to continue the reduction reaction process and the solution turns black in color. 
This solution is then filtered, washed and dried at 80° C to collect the RGO.
1.4 Preparation of Gold Nanoparticles (Au NPs) and the stabilization with PVP.
	 Gold nanoparticles (Au NPs) were synthesized following seeded-growth method by Perrault et 
al [3]. Briefly 50 ml ultrapure water was heated under reflux. While boiling 300 μL gold(III) chloride 
solution (1 wt. %) is added followed by 900 μl sodium citrate solution (1 wt. %) after 2 mins of stirring. 
The solution is boiled for additional 2 minute and cooled at room temperature. The color changed to red 
during the reaction.
	 The obtained Au NPs seeds have a diameter of 20 nm. In a second step these seed particles were 
grown bigger to Au NPs stabilized by polyvinylpyrrolidone (PVP). In this regard, 250 ml ultrapure water, 
10 ml of the seed solution, 2.5 ml gold (III) chloride solution (1 wt. %) and 2.5 g PVP were mixed in a 
Erlenmeyer flask. After the addition of 5 ml 0.03 M hydroquinone solution, the colloid is stirred for one 
day at room temperature. The obtained Au NPs have a diameter of 50nm.
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1.5 Preparation of 2D-CNS-Au NPs composites
	 Both 2-Dimensional CNS materials (graphene derivatives GO and RGO) were taken at a 
concentration of 2 mg/mL in DW in separate vials. These dispersions were sonicated for 30 minutes to make 
a homogeneous dispersion. From the well dispersed CNS solution, 700 µl taken out in a 2 ml Eppendorf 
and added 300 µl of diluted spherical Au NPs of ~ 50 nm size. This was further sonicated for 10 minutes 
and kept in a vibrating stand until the thin film formation.
1.6 Fabrication of CNS, CNS-4-MBA and CNS-Au NPs-4-MBA thin film electrodes on Si-substrate
	 For fabricating a thin film of CNS and CNS-Au NPs on silicon (Si) substrate, all the silicon substrates 
were well cleaned by the standard protocol.  On this Si substrate of 5mm × 5 mm dimensions, the CNS/ 
CNS-Au NPs were spin coated separately using 10 µL of hybrid solution. These substrates were dried at a 
temperature of 70 °C. On these CNS/ CNS-Au NPs substrates, 5 µl of Raman marker solution of 4-MBA 
(1 µM) was incubated for overnight at room temperature. These CNS-4-MBA and CNS-Au NPs- 4-MBA 
were further used for to conduct the SERS experiments.

2 Characterization of the materials

	 The structural characterization of GO and RGO, were characterized by X-ray diffraction (XRD) 
technique (Rigaku miniflex-II diffractometer at 30 kV, 15mA). The wavelength of Cu-Kα1 radiation of 
λ = 1.5405 Å was used for obtaining the XRD pattern.TEM images were obtained using a Zeiss EM 902 
instrument. The SERS measurements through Raman mapping experiments were conducted with a confocal 
Raman microscope (WITec Alpha 300R, 30 cm focal length and 600 grooves per mm grating spectrometer) 
equipped with an EM-CCD. A 632.8 nm line from a He-Ne laser was focused onto the sample using a 40 
× objective (Olympus) with a numerical aperture of 0.6 (5 mW laser power at the sample). For the Raman 
mapping, an area of (100 × 100) µm2 is scanned with an interval of 2µm with an integration time of 1 s.

3 UV-Vis absorption studies

 

Fig S1. UV-vis absorption spectra of PVP stabilized Au NPs

	 Figure S1 shows the typical absorption UV-Vis spectrum of the PVP stabilized Au NPs in distilled 
water. The absorption peak due to the surface plasmon resonance of Au NPs is centered on 530 nm which 
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is more red shifted in nature comparing to nanoparticles of lesser particle size.

4 XRD studies of 2D-CNS base materials

	 The XRD pattern of the as-synthesized 2D CNS base materials, namely GO and RGO are presented 
in Fig S2. GO  shows  a  strong  diffraction  peak  at ~ 11º (Fig S2a),  which  corresponds  to  the (002)

	                
Fig S2. XRD Patterns of GO and RGO

	                 
Fig S3. Normalized Raman spectra of (a) GO on Si-substrate where prominent D, G bands of CNS 
are marked; (b) GO base materials immobilized with Raman marker 4-MBA (5µL, 1 µM); (c) RGO 
on Si-substrate, (d) RGO base materials immobilized with Raman marker 4-MBA (5µL, 1 µM)



S:4	 Shiju Abraham, Matthias König, Shobhit Pandey, Sunil K Srivastava, Bernd Walkenfort, Anchal Srivastava

reflection. plane with a d-spacing of 8.0 Å [1].
	 The weak and broad band around 42º corresponding to the (100) reflection is due to the turbo static 
band of disordered carbon material. The most prominent diffraction peak of RGO is observed at ~24.5º 
(002) attesting the characteristic band of RGO ((Fig S2b) with an interlayer spacing of 3.4 Å. This value 
matches with the well-known XRD peak of RGO [4].  

5 Raman spectra of 2D-CNS base materials and 2D-CNS+4-MBA 

	 Figure S3 displays the Raman spectrum of 2D- CNS base materials (GO and RGO) which were spin 
coated on the Si-substrate. In Figs S3 (a) and (c), clearly shows the characteristic D and G bands centered 
around 1340 and 1580 cm–1. The broad nature of D-band (disorder band) observed for both GO and RGO 
is due to their different functional groups and sp3 hybridization present in these materials. Figures S3 (b) 
and (d) represent individual Raman spectrum of 2D CNS base materials, GO and RGO, respectively, which 
were immobilized with 1 µM of 4-MBA. The results attest GO and RGO both as SERS substrates due to 
the contributions from  CM effect (as in GERS). Clearly, the G- band becomes sharper in nature due to 
the main Raman peak of 4-MBA centered around 1585 cm–1, which is due to the v(CC) ring stretching 
coinciding at the same position.  
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