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Abstract. 
A simple method employing ionic liquid functionalization is developed to achieve the uniform decoration of reduced graphene oxide sheets with gold nanoparticles. The synthesis of ionic liquid modified graphene oxide is accomplished by covalently binding 1-(3-Aminopropyl) imidazole with GO sheets. The formation mechanism of Au nanoparticles on RGO sheets is proposed to load 
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 onto the surface of GO sheets through anion exchange; then reduce 
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 to Au NPs and at the same time reduce GO sheets to RGO sheets via a one-step process. The presence of Au NPs is well identified by SEM, TEM, and XPS. As a concept, the RGO-supported Au NPs is applied to surface-enhanced Raman spectroscopy.


1. Introduction
Graphene is a single layer of carbon atoms that are densely packed into hexagonal structure. It exhibits extraordinary electronic, thermal, and mechanical properties, which make it to be a promising candidate for a variety of applications [1]. Graphene oxide originated from the oxidative exfoliation of graphite, as one of the graphene derivatives, is solution-dispersible due to the oxygen functional groups bearing on the basal planes and edges. From the chemical point of view, the presence of oxygen functionalities on the surface of GO must be very interesting because they can serve as active sites for chemical modification. Therefore, GO can be considered as promising nanoscale building blocks with ultrahigh surface area to generate new nanocomposites.
Recently, accompanying with the emergence of various graphene oxide/reduced graphene oxide (GO/RGO)-based composites or hybrid materials, different kinds of methods have been developed to realize such an integration of GO/RGO with other materials like polymers, quantum dots, and metal/metal oxide nanoparticles (NPs) [2–11]. For example, Fu et al. reported that by using in situ synthesis method they synthesized the graphene-metal nanoparticle based derivatives, which give the surface-enhanced Raman scattering properties (SERS) [12]. Zhu et al. construct a hybrid three-dimensional (3D) nanocomposite film by alternatively assembling the ionic liquid (IL) and Pt nanoparticles (PtNPs) modified graphene nanosheets [13].
However, room temperature ionic liquids (RTILs), an efficient system with all the advantages of homogeneous and heterogeneous catalysis, is rarely used for preparing GO/RGO-NPs composites [13]. Herein, we present a simple method to fabricate the RGO-Au nanocomposites, by using ionic liquid as a linker [14]. After realizing the functionalization of GO with ionic liquid 1-(3-Aminopropyl) imidazole, uniform distribution of gold NPs are readily accomplished on the surface of RGO sheets by reducing GO and the 
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 anions pre attached on GO via anion exchange. Comparing with other work [15–20], through using the ionic liquids we selectively functionalize the carboxyl group with the ionic liquids. Simultaneously, the Au nanoparticle will uniformly covalent bond with GO. Finally, we get the water soluble RGO-Au nanocomposite, which can be used as a good SERS substrate. This facile approach to synthesis nanocomposites will contribute to the synthesis of GO/RGO-based nanocomposites.
2. Experiment
2.1. Materials
Natural graphite,1-(3-Aminopropyl) imidazole, 98% H2SO4, 30% H2O2, potassium permanganate (KMnO4), anhydrous Tetrahydrofuran (THF), N, N′-dicyclohexylcarbodiimide (DCC), Rhodamine 6G (R6G), Chloroauric acid (HAuCl4, 99.9%), NaNO3, NaBH4, and 1-bromobutane were purchased from Sigma-Aldrich and used as received. Double distilled water was used in all the processes of aqueous solution preparation and washing.
2.2. Measurements
The field emission-scanning electron microscopy (FE-SEM) images and distribution of typical elements were obtained on a (JEOL JSM-6700F) field-emission electron microscope with an energy-dispersive X-ray analyzer (EDXA) attachment. Transmission electron microscopy (TEM) analyses were conducted on a (JEM 2010F) electron microscope operated at 120 kV. The Raman spectra were recorded using a WITEC-CRM200 Raman system. The excitation source is 532 nm laser (2.33 eV) with laser power below 0.1 mW to avoid laser-induced heating. X-ray photoelectron spectroscopy (XPS) measurement, was carried out on a thermo scientific ESCALAB 250.
2.3. Synthesis of Graphene Oxide (GO)
GO was synthesized by a modified Hummer’s method [21–23]. In brief, 2 g graphite and 1.5 g NaNO3 were added into 150 mL 98% H2SO4 solution in a flask which was immersed in an ice bath. 9 g KMnO4 was then slowly added into the solution, at the same time the temperature of the mixed solution was maintained below 20°C for 2 h to avoid overheating and explosion. After the mixture was stirred for 5 days, 10 mL 30% H2O2 was added into the solution in order to completely react with the remaining KMnO4, and a bright yellow solution was obtained. Finally, the resulting mixture was washed by 3% H2SO4 and then H2O until the pH of the solution was 
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. GO powder was obtained after freeze drying of the suspension.
2.4. Preparation of Ionic Liquid Functionalized GO (ILGO)
 At first, GO sheets and 1-(3-Aminopropyl) imidazole were dispersed into anhydrous THF with sonication for 20 minutes. Subsequently, the DCC solution was slowly added into the mixture, and the above mixture under nitrogen atmosphere was stirred for 6 hours. Then, 1-bromobutane was added into the above mixture. Finally, the homogeneous solution was vigorously stirred at 80°C under nitrogen atmosphere for 24 hours. The resulting chemically converted GO sheets (labeled as ILGO) was subsequently centrifuged, washed with water, and air-dried.
2.5. Process of Anion Exchange (GO-AuCl4−)
 At first, ionic liquid functionalized GO was dispersed in DI water and followed by sonication for 20 minutes, Then, aqueous HAuCl4 solution was subsequently added into the above solution. Subsequently, the mixture was being strongly stirred for 24 hours. Finally, DI water was used to wash the sample for several times in order to remove the residual 
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 ions. The anion exchange mixture was labeled as GO- 
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.
2.6. Preparation of the Composite (RGO-Au)
The 
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 ions and GO sheets were reduced by NaBH4 in this step. 
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 ions were reduced to gold nanoparticles. GO sheets were also reduced to RGO. The RGO acted as the supporter to stabilize the gold nanoparticles. The nanocomposites were labeled as RGO-Au.
3. Results and Discussions
 On the basis of our experimental procedure, the mechanism to interpret the formation of the as-obtained RGO-Au nanocomposites is put forward, as shown in Scheme 1. As reported previously [24], GO sheets have carbonyl groups on their basal planes and at the edges. These functional groups, act as anchor sites, covalently bind with the ionic liquids (ILGO), which enable the subsequent anion exchange. Then, the 
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 ions attached on the surfaces and edges of GO sheets (GO- 
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) [25]. The RGO-Au nanocomposites (RGO-Au) are synthesized, through one-step reduction.





	
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
				
				
			
		
	


	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
			
				
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
			
			
				
			
			
				
			
		
	




Scheme 1: The formation mechanism for RGO-Au nanocomposites. 
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Au nanoparticles.


The morphology of the as-prepared RGO-Au nanocomposites were studied by transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). Figure 1(a) reveals that GO sheets are few layers with dimension of a few micrometers. Figure 1(b) is a representative TEM image of the as-synthesized RGO-Au nanocomposites (RGO-Au). Au NPs on RGO surface with uniform dispersion can be clearly seen, the integrity of carbon skeleton has been kept after the chemical process meanwhile. The inserted image shows the HRTEM of the Au nanoparticles. The lattice spacing measured was 0.24 nm, which was close to the lattice spacing, 0.236 nm, for (111) bulk metal face-centered cubic (fcc) Au crystals [26].







(a)







(b)
Figure 1: (a) TEM image of bare GO; (b) TEM and HRTEM image of RGO-Au.


 Fourier transform-infrared spectroscopy (FTIR) was performed to characterize the GO and IL functional GO nanosheets, shown in Figure 2. Similar with other people’s work [14, 27, 28], the new stretch at 1288 cm−1 originates from C–N stretching mode in amido bond. Simultaneously, the new band at 1633 cm−1 in the ILGO can be assigned to the amide carbonyl stretching mode. Moreover, the doublet [14] at 2849 cm−1 and 2944 cm−1 corresponds to symmetric 
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 (CH2) of the IL units. The existences of the doublet and the C–H bending modes of the ILGO demonstrate that the IL units have been grafted on the GO sheets basal plane. All these indicate that the IL is chemically attached to the GO sheets.





	
		
		
		
			
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


Figure 2: FTIR of GO (black) and ILGO (red).


 The C1s XPS spectra of GO and RGO-Au are shown in Figures 3(a) and 3(b). They all show the broad of the peak than that of graphite [29], indicating that there are some higher binding energy signals corresponding to C–O species [30, 31]. So we use three prominent peaks to fit the C1s spectrum, which can be assigned to sp2-C (~285 eV), C–O (hydroxyl and epoxy, ~287 eV), and C=O (carboxyl, ~289 eV), respectively [24, 32, 33]. The C1s spectrum of GO indicates the carbon species are highly oxidized. However, for RGO-Au nanocomposites, the decrease of C=O and C–OH binding energy at 285 ~ 288 eV implies the successful removal of exogenous functional groups by the chemical reduction. XPS measurement was carried out to further investigate the formation of Au NPs on the IL-modified GO sheets. Figure 3(c) presents the XPS peaks for Au3+ in the form of a doublet at 87.3(4f7/2) and 90.3 eV (4f5/2) [34], indicating that Au3+ species exist in the GO composites. Figure 3(d) shows the doublet peak Au4f7/2 and Au4f5/2 with binding energies of 84.3 and 88.0 eV, respectively. These are typical values for Au0 [35], revealing the formation of gold NPs on the RGO sheets. After reduction, the disappearance of two peaks at 87.3 and 90.3 eV (Figure 3(d)) manifests that no Au3+ specie exists in the RGO composites. It can be seen from the above analysis of the XPS data that Au NPs are in-situ loaded onto the functionalized RGO.
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(d)
Figure 3: C1s XPS spectra of GO (a) and RGO-Au (b). The black solid lines are original spectra; the dash line, dot line and dash, and dot line are assigned to sp2-C, C–O (hydroxyl and epoxy groups), C=O (carboxyl groups), respectively. Au4f XPS spectra for the GO-
	
		
			
				A
				u
				C
				l
			

			
				4
				−
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 and (d) RGO-Au.


 Figure 4 gives the N1s XPS spectra for the RGO-Au nanocomposites. It can be clearly seen that the RGO-Au nanocomposites show two prominent peaks, indicating that the amide bonding and the pyrrole-type nitrogen-containing functional groups [36, 37]. Successful grafting of the ionic liquid molecule on the GO sheets can be further deduced.





	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
		
			
				
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	


	
	


Figure 4: N1s XPS spectra for the RGO-Au nanocomposites.


Energy dispersive X-ray analysis (EDXA) data of RGO-Au shows that the RGO sheets are decorated with Au nanoparticles. Figures 5(a) and 5(b) show the SEM and quantitative analysis of RGO-Au. It is performed with the Au (M) lines in the EDX spectrum. The Au content is estimated to be 10–20% in all the areas. Figures 5(c) and 5(d) show the EDXA plane distributions of the typical elements on the surface of RGO-Au, which further confirm the presence of elements C and Au.











Figure 5: (a) SEM image and (b) results of the EDX element analysis of RGO-Au. (c) EDXA-C and (d) EDXA-Au mapping image of sample RGO-Au. The bright spots show the distribution of C and Au elements on the RGO-Au surface.


 Figure 6 shows the Raman spectra of GO, ILGO, GO- 
	
		
			
				A
				u
				C
				l
			

			
				4
				−
			

		
	
, and RGO-Au, which reveal two prominent peaks: D band (1346 cm−1) and G band (1597 cm−1). It clearly shows that the G and D peak are broader than that of graphite [38]. As we know higher disorder in graphite leads to a broader G band as well as to a broad D band of higher relative intensity compared to that of the G band [38]. D band originates from a double resonance (DR) Raman process involving iTO phonon and defects, while G band originates from in-plane vibration of sp2 carbon atoms, which is a double degenerate (iTO and LO) phonon mode (
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 symmetry) at the Brillouin zone center (
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 point). It can be seen from Figure 6 that after functionalization of GO with ionic liquid, anion exchange, and reduction occur, demonstrated by the increased of the intensity ratio of D to G band (
	
		
			

				𝐼
			

			

				D
			

			
				/
				𝐼
			

			

				G
			

		
	
) of GO in Table 1. The G band position of RGO-Au shows red shift compared with that of GO, indicating the relaxation of compressive strain in pristine GO sheet. Moreover, the G band of RGO presents more prominent due to the restoring sp2 carbon regions after the chemical reduction treatment [39]. The increased 
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 ratio is believed to be caused by the decrease of the mean crystallite size of GO. After removal of the exogenous functional groups in the GO sheets by chemical reduction, and the size of the reestablished GO network is smaller than the original one, which leads to an increase in the 
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 ratio [24, 32, 40].
Table 1: The position of G band and values of 
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 obtained from Raman spectra.
	

	 Samples	G band position (cm−1)	
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	GO	1597.2	1.6
	ILGO	1592.5	1.9
	GO-
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	1590.4	2.0
	RGO-Au	1587.6	2.2
	








	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
		
			
				
			
			
				
			
			
			
			
			
			
				
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
		
	


Figure 6: Raman spectrum of (a) GO, (b) ILGO, (c) GO-
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, and (d) RGO-Au.


 RGO-supported Au NPs can be used as a substrate for surface-enhanced Raman spectroscopy (SERS). Rhodamine 6G (R6G) molecules, which are commonly probe molecules in SERS experiments, are used to test the efficiency of this kind of substrate. The RGO with Au NPs was first soaked in a 10-6 M R6G solution for about 20 min, washed with distilled water to remove those unabsorbed molecules, and dried in air. For the R6G on SiO2/Si substrate, we dropped 10-6 M R6G on SiO2/Si substrate and let it dry overnight. Figure 7 shows the Raman spectra of the R6G on SiO2/Si and RGO-supported Au NPs substrate. No Raman signal of the R6G molecules is detected on the SiO2/Si, due to the low concentration of R6G (10-6 M). However, for the same concentration of R6G, the Raman signals on RGO-supported Au NPs substrate are much stronger. In our previous paper [41], we reported that Au/SLG is a much better substrate than Au film alone: the former gives SERS enhancement of the molecules and can efficiently quench the PL background from both the Au and the molecules. Yu et al. also reported that GO can notably enhance the graphene-metal/molecule binding, which will study the impacts of local chemical groups and global Π-conjugation network on the SERS of molecules [42]. So, we can say that our RGO-supported Au NPs is a promising SERS substrate. The assignment of Raman bands of R6G can be found in [43]. Several spectrums which are taken from different positions on RGO-supported Au NPs substrate present similar behavior.





	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
		
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
		
			
				
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	


	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	


Figure 7: Raman spectrum of the R6G on (a) RGO-Au and (b) SiO2/Si substrate. The peaks marked by the stars (*) and the circle dots (•) are the peaks of R6G and Si, respectively.


 From Figure 7, it also can be seen that the fluorescence backgrounds of R6G on SiO2/Si and RGO-supported Au NPs substrate are significantly different. The relative weak fluorescence background of R6G on RGO-supported Au NPs substrate is due to the resonance energy transfer from R6G to GO [44]. The relative strong Raman signal and weak molecule fluorescence background make RGO-supported Au NPs a promising SERS substrate.
4. Conclusions
In conclusion, by prefunctionalizing GO with imidazolium cation-based ionic liquids, we successfully synthesize RGO sheet with uniformly distributed Au NPS with size less than 10 nm. The formations of Au NPs on RGO sheet are characterized by TEM, XPS, Raman, and EDXA. The reduction product, RGO-supported Au NPs substrate, shows good SERS effect, as proved by using R6G as a probe molecule. This method provides a simple way for preparing the RGO-noble metals or RGO-metal oxide nanocomposites, such as RGO-Pt, RGO-Ag, RGO-ZnO, and GO-MnO2, which can be used for biosensor, catalysis, and SERS applications.
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