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Abstract:



In this work, a facile, environmentally friendly method was demonstrated for the synthesis of Ag-Au bimetallic nanoparticles (Ag-AuNPs) supported on reduced graphene oxide (RGO) with alginate as reductant and stabilizer. The prepared Ag-AuNPs/RGO was characterized by scanning electron microscope (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The results indicated that uniform, spherical Ag-AuNPs was evenly dispersed on graphene surface and the average particle size is about 15 nm. Further, a non-enzymatic sensor was subsequently constructed through the modified electrode with the synthesized Ag-AuNPs/RGO. The sensor showed excellent performance toward H2O2 with a sensitivity of 112.05 μA·cm−2·mM−1, a linear range of 0.1–10 mM, and a low detection limit of 0.57 μM (S/N = 3). Additionally, the sensor displayed high sensitivity, selectivity, and stability for the detection of H2O2. The results demonstrated that Ag-AuNPs/RGO has potential applications as sensing material for quantitative determination of H2O2.
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1. Introduction


As a green chemical product, hydrogen peroxide (H2O2) has a wide range of applications in environmental [1], clinical [2], pharmaceutical [3], food industry [4], textiles industry [5], and other fields. At the same time, H2O2 is also a byproduct of various enzyme catalyzed reactions [6]. Therefore, it is important to perform rapid, simple, and accurate detection of H2O2. Currently, many methods are used for the detection of H2O2, such as fluorometry [7], spectrophotometry [8], titrimetry [9], chemiluminescence [10], and electrochemical detection [11]. Among them, the electrochemical detection method has attracted wide attention due to its advantages of low cost, fast response, good stability, high sensitivity, and strong selectivity [12]. Additionally, electrochemical detection methods mainly include two categories: enzymatic detection and non-enzymatic detection [13]. The most prominent feature of the enzyme sensor is good selectivity, but there are also expensive enzymes, active environment interference, poor stability, short service life, and other issues. Therefore, the research on non-enzymatic H2O2 sensors is significant.



Nanomaterials exhibit good catalytic performance due to its unique structure and morphology. In recent years, the use of nanomaterials for sensor research has attracted widespread interest [14]. A variety of metal nanoparticles, such as PtNPs [15], AuNPs [16], AgNPs [17], and SnNPs [18] have been reported to modify non-enzymatic sensors. Among them, many studies focus on Ag and Au nanoparticles due to their high catalytic activities, excellent bio-compatibility, ease of synthesis, and strong absorption property in the visible region [19]. Additionally, the bimetallic nanoparticles have better catalytic activity than the corresponding single metal nanoparticles because of their special optical, catalytic and electrical properties [2,14,20]. Li et al. synthesized Au@AgNPs via seed-mediated growth procedure for sensitive detection of H2O2. Although metal nanoparticles has excellent electrocatalytic activities, which can be used for determine H2O2 with remarkable voltammetric responses, the easy aggregation tend to significantly decrease their catalytic activity and selectivity [10,21]. In order to overcome the aggregation of nanoparticles, various supporting materials, like resins, fibers, carbon nanotube, graphene etc., have been used to disperse nanoparticles [22]. It is noteworthy that graphene, as a support material for nanoparticles, has attracted wide attention because of its good structural stability, large specific surface area, fast electron conduction rate and large mechanical strength [23]. Additionally, graphene can be used as a matrix for various metal nanoparticles due to the honeycomb-like structural characteristics, which makes it easier for carbon atoms to participate in catalytic reactions. A large number of studies have shown that graphene/metal nanoparticles composites not only have excellent physical and chemical properties of two-dimensional graphene structure, but also have the high catalytic activity and high electron transfer rate of metal nanomaterials [24]. Therefore, electrochemical sensors based on graphene/metal nanoparticles composites will have excellent sensory characteristics and important application values [25].



Sodium alginate, extracted from brown algae, is a kind of natural polysaccharide carbohydrate, and is an anionic copolymer of β-d-mannuronic acid (M) and α-l-guluronic acid (G) units. Sodium alginate contains a large number of carboxyl groups, hydroxyl, as well as carbonyl group formed by glycosidic bond cleavage, making it both as a stabilizer and a reducing agent in the preparation of metal nanoparticles [26].



At the same time, sodium alginate is also a renewable resource with certain biocompatibility, non-toxic and low cost [27,28]. Although many literatures have reported the metal nanoparticles doped on graphene, toxic reducers and stabilizers have been used [19,29]. Additionally, so far as we know, no attention has been paid to the preparation of Au-AgNPs loaded on reduced graphene oxide (RGO) with alginate as stabilizer and reducing agent.



In this paper, sodium alginate is used as a stabilizer and a reducing agent to reduce metal ions into metal nanoparticles and loaded them on RGO. A non-enzymatic sensor was fabricated by modifying glassy carbon electrode with the prepared Ag-AuNPs/RGO, which was applied for electrochemical detection of H2O2. The linearity, sensitivity, selectivity, and stability of the sensor were investigated via cyclic voltammetry and chronoamperometry.




2. Experimental


2.1. Reagents


Reduced graphene oxide (RGO) was supplied by Huagao Graphene Co. Ltd (Qingdao, China) Chloroauric acid (HAuCl4), sodium alginate, 30% hydrogen peroxide (H2O2) were purchased from Sinopharm Group Chemical Reagent Co. Ltd (Beijing, China). Silver nitrate (AgNO3) was obtained from Shanghai Fine Chemical Research Institute (Shanghai, China). All other reagents were of analytical grade and used without further purification. All solutions were prepared with Ultra-pure water.




2.2. Preparation of Ag-Au Nanoparticles (NPs)/ Reduced Graphene Oxide (RGO)


In a typical experiment, Ag-AuNPs/RGO was prepared by a facile solvothermal process. First, 1.5 mg of graphene was added to 5 mL membrane-filtered sodium alginate solution (0.5%) and sonicated for 1 h. Then, 40 μL of a 24 mmol/L AgNO3 was added to the mixture, sonicated for 30 min, the mixed solution was heated at 90 °C for 3 h. After the reaction is complete, 160 μL of a 24 mmol/L HAuCl4 precursor was added to the mixture, sonicated for 30 min, and incubated at 90 °C for 1 h. Finally, the resulting mixture was centrifuged at 15,000 r/min and washed with Ultra-pure water for several times. The final product was denoted as Ag-AuNPs/RGO. For comparison, the AuNPs/RGO was further prepared with 200 μL HAuCl4 (24 mmol/L) precursor heated at 90 °C for 1 h, and the rest of the processes were the same.




2.3. Characterization and Measurement


The scanning electron microscope (SEM) measurements were performed using a JSM-7800F (JEOL, Tokyo, Japan) system. Transmission electron microscopy (TEM) image analysis was performed on a JSM-2100Plus (JEOL, Tokyo, Japan) microscope and energy dispersive X-ray spectroscopy (EDS) was obtained from the same apparatus. X-ray diffraction (XRD) patterns were recorded on a powder X-ray diffractometer (D/MAX-RB, Tokyo, Japan) measured with CuKα radiation (λ = 0.15418 nm) in the 2θ range of 10° to 80°. X-ray photoelectron spectroscopy (XPS) analysis was carried out on an ESCALAB 250 electronic spectrometer (ThermoFisher, Waltham, MA, USA).




2.4. Preparation of the Modified Electrode


The Ag-AuNPs/RGO modified glassy carbon electrode (GCE) was prepared as follows. Firstly, the glassy carbon electrode was thoroughly polished with alumina powder and then cleaned with water and ethanol in an ultrasonic bath [30]. Secondly, 20 μL of the prepared dispersion was dropped onto a pre-treated GCE and dried at room temperature. All of the samples were made in the same process to keep the same loading. Electrochemical measurements were carried out at room temperature. The traditional three electrode system was controlled by CHI 760E electrochemical workstation (CH Instrument Co., Ltd., Shanghai, China). The Ag-AuNPs/RGO modified electrode, the saturated calomel electrode (SCE) and the platinum wire were used as the working electrode, reference electrode and counter electrode, respectively [31,32]. With the same process, the AuNPs/RGO modified GCE was also prepared. Since the loading of all the samples were the same, the comparisons of the currents without normalization could lead to the same results as those of the normalized ones.





3. Results and Discussion


3.1. Characterization of Ag-AuNPs/RGO


The synthetic strategy of Ag-AuNPs/RGO is presented in Scheme 1. Firstly, AgNO3, alginate and RGO were uniformly mixed. AgNPs/RGO nanocomposite was synthesized via the reduction of Ag+ by alginate to form Ag nanoparticles and loaded on RGO surface. Here, sodium alginate plays important roles, both as reducing and stabilizing agent. Additionally, hydroxyl (–OH) and carboxyl (–COO–) groups of alginate act as inter linkers contributing to the deposition of silver nanoparticles on the graphene surface. Then, AgNPs would serve as nucleation sites and HAuCl4 was directly reduced around AgNPs on graphene. It is worth noting that, in the whole process, Ag-AuNPs/RGO was prepared without the aid of surfactant, so that the metal nanoparticles catalyst was completely exposed during the catalytic process, which is conducive to the direct contact of the catalyst [33,34]. Scheme 1 illustrated the synthesis of Ag-AuNPs/RGO and its application in the electrochemical detection of H2O2.



RGO, AgNPs/RGO, AuNPs/RGO, and Ag-AuNPs/RGO were measured by ultraviolet-visible (UV-Vis) spectroscopy (T9 spectrophotemeter, Beijing, China) and the result was shown in Figure S1. The UV-Vis absorption spectrum of RGO was showed in Figure S1a without obvious absorption peaks. The characteristic peaks of AgNPs/RGO, AuNPs/RGO appeared at 438 and 540 nm, respectively (Figure S1b,c). However, there is no such absorption peaks in (Figure S1d). Ag-AuNPs/RGO showed a new absorption peak at 524 nm, the only one Plasmon band confirms the formation Ag-Au bimetallic nanopaticles on the RGO surface.



In addition, metal nanoparticles are easy to aggregate in solution, which will damage their catalytic ability. However, as intuitively shown in the SEM images of Ag-AuNPs/RGO (Figure 1), the metal nanoparticles were uniformly dispersed on RGO surface without obvious agglomeration, indicating that Ag-AuNPs was loaded on RGO to avoid aggregation. Moreover, RGO are thin lamellar structure with folded wrinkles, and the uniformity of the graphene layer was maintained even after doping with Ag-AuNPs, indicating that Ag-AuNPs were embedded in the RGO framework to prevent stacking. The synergistic effect of RGO carrier and Ag-AuNPs leads to the formation of the three-dimensional conductive network of Ag-AuNPs/RGO, which not only could speed up the reaction rate, but also widens the space of charge transfer in the catalytic process [33].


Figure 1. Scanning electron microscope (SEM) images of Ag-AuNPs/RGO magnified 1500 times (A); and 33,000 times (B).
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The shape and size of the Ag-AuNPs on RGO sheet surfaces were determined by TEM analysis. As shown in Figure 2A, it can be seen that spherical Ag-Au bimetallic nanoparticles are uniformly supported on RGO, and almost no aggregation, mainly due to the synergistic effect of sodium alginate and graphene [29]. The high resolution transmission electron microscope (HRTEM) image of Ag-AuNPs was shown in Figure 2B, clear lattice fringes could be observed with a interplanar distance of 0.25 nm, which is attributed to (111) planes of Ag-AuNPs [35]. The selected area electron diffraction (SAED) pattern of Ag-AuNPs/RGO with bright circular rings in Figure 2C confirmed that the synthesized Ag-AuNPs were crystalline in nature. The size distribution histogram was given in Figure 2D with the average particle size 15 nm. The initial formed AgNPs/RGO was also investigated and the distribution of AgNPs on RGO was shown in Figure S2. The average size is about 10 nm, which is smaller than Ag-AuNPs. In addition, the chemical composition of the Ag-AuNPs/RGO was further examined by energy-dispersive X-ray spectrum (EDS) analysis (Figure 2E), confirming the presence of Ag and Au elements on RGO surface. These results clearly suggest that uniformly dispersed Ag-AuNPs with small particle size were anchored on the surface of RGO and RGO are excellent carrying materials to load Ag-AuNPs. Furthermore, EDS quantitative elemental analysis was supplied in Table S1. The atomic percent of Ag and Au in Ag-AuNPs/RGO is 0.37% and 4.02%, respectively. The ration of Ag-Au is lower than the initial ratio of the two precursors. The possible reason is that partial Ag is oxidized to Ag+ by Au ions due to the standard reduction potential of Ag+/Ag (0.80 V vs SHE) is lower than that of AuCl4−/Au (0.99 V vs SHE) [22].


Figure 2. (A) Transmission electron microscopy (TEM) image; (B) HR-TEM image; (C) selected area electron diffraction (SAED) pattern; (D) the size distribution histogram; and (E) energy dispersive X-ray spectroscopy (EDS) spectrum of Ag-AuNPs/RGO.
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For comparison, AuNPs/RGO was also synthesized and observed with TEM (Figure S3A). Compared with Ag-Au/RGO, AuNPs have larger particle sizes and have a variety of morphologies. We selected a special form of AuNPs for HRTEM analysis (Figure S3B). The obtained AuNPs showed clear fringes with a pitch of 0.24 nm, which matches the d-spacing of the (111) face of the face centered cubic (fcc) Au. This result also indicated the crystalline structure of AuNPs. Furthermore, the corresponding fast Fourier transform (FFT) pattern (Figure S3C) confirmed the single crystal nature. The size distribution histogram of AuNPs was given in Figure S3D, the average particle size was 28 nm, larger than Ag-AuNPs. By comparison, we can see that Ag-AuNPs are smaller and more uniform than those of AuNPs, which has great influence on the catalytic activity to H2O2 detection [36].



The XRD patterns of RGO, AuNPs/RGO, and Ag-AuNPs/RGO are shown in Figure 3, and data were collected in the angular range 10° ≤ 2θ ≤ 80° [37]. In the XRD pattern of RGO, the diffraction peaks observed at 20° was assigned to the (002) facet of crystalline RGO. In Ag-AuNPs/RGO diagram, four strong diffraction peaks at 38.4°, 44.3°, 64.5°, and 77.5°, representing the Bragg reflection from (111), (200), (220), and (311), respectively, which were assigned to the crystal plane of bimetallic Ag-Au [32]. AuNPs/RGO showed four peaks at 38.1°, 44.1°, 64.3°, and 77.2°, which were attributed to the diffraction of (111), (200), (220), and (311) planes, respectively, of the face centered cubic (FCC) structure of Au (JCPDS number: 04-0784) [38]. Ag-AuNPs/RGO and AuNPs/RGO showed similar XRD pattern due to AgNPs and AuNPs have same diffraction planes at similar Bragg’s angle.


Figure 3. X-ray diffraction (XRD) patterns of RGO (a); AuNPs/RGO (b); and Ag-AuNPs/RGO (c).
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XPS was further used to investigate the chemical composition and the chemical states of different elements of Ag-AuNPs/RGO [39]. Figure 4A showed the survey scans spectrum, confirming the presence of elements C, O, Ag, and Au in the as-prepared Ag-AuNPs/RGO, which is consistent with the EDS report. Two peaks observed at binding energy of 284.8 and 532.8 eV are attributed to C 1s and O 1s bands, respectively. Additionally, The C 1s high-resolution scan spectrum (Figure 4B) could be deconvoluted into three peaks at 284.6, 286.4 and 288.8 eV, which are associated with C=C, C–O, and C=O, respectively. High resolution XPS of Ag 3d (Figure 4C) showed 6 eV splitting double peaks at 368.1 and 374.2 eV, corresponding to Ag 3d5/2 and Ag 3d3/2 energy levels of the Ag atom, respectively, these binding energies indicated the metallic nature of silver [13]. At the same time, high-resolution XPS of Au 4f in Figure 4D presented two peaks at binding energies of about 84.3 and 87.8 eV for Au 4f7/2 and 4f5/2, which match well to the standard binding energy of the Au atom (84.0 and 87.6 eV) [40]. XPS results further indicated Ag and Au ions were reduced to Ag-AuNPs. In the supplementary information, we also give the XPS plots of AuNPs/RGO (Figure S4). The full scan XPS of AuNPs/RGO consist of C, O, and Au special peaks (Figure S4A). The XPS scan of C 1s (Figure S4B) could also be deconvoluted into three peaks at 284.6 (C=C), 286.4 (C–O), and 288.8 eV(C=O), respectively. The Au 4f spectrum revealed two peaks at about 84.3 and 87.9 eV for Au 4f7/2 and 4f5/2 (Figure S4C), indicating the metallic nature of gold.


Figure 4. (A) X-ray photoelectron spectroscopy (XPS) full scan spectrum of Ag-AuNPs/RGO; (B–D) high resolution XPS spectrum for C 1s; Ag 3d; and Au 4f, repectively.
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3.2. Electrochemical Behaviors of the Ag-AuNPs/RGO


In order to study the sensing properties of nanocomposites prepared, a non-enzymatic hydrogen peroxide sensor was constructed by depositing samples directly on the bare GCE surface. The electrochemical properties of AuNPs/RGO modified electrode, Ag-AuNPs/RGO modified electrode were investigated by cyclic voltammetry (CV) in Ar-saturated 0.1 mM phosphate buffered solution (PBS) (pH = 7.2) at a scan rate of 50 mV·s−1. Figure 5 shows the electrochemical response of bare GCE, AuNPs/RGO modified electrode and Ag-AuNPs/RGO modified electrode. As can be seen from the results, the reduction current of bare GCE (curve a) is almost zero even though adding 3 mM hydrogen peroxide. However, although no reduction peak appeared, the modified electrode has a significant current response due to the good conductivity of the metal nanoparticles. When H2O2 is not present, the reduction currents of AuNPs/RGO modified electrode (curve b) and Ag-AuNPs/RGO modified electrode (curve d) are small, but after H2O2 addition, the reduction current increases significantly, confirming the catalytic activity of metal nanoparticles for electrochemical reduction of H2O2. Notably, Ag-AuNPs/RGO modified electrode exhibits stronger current response (curve e) in comparison to AuNPs/RGO modified electrode (curve c), suggesting bimetallic catalyst with larger active area may provide more catalytic active sites than single metal catalysts [41,42].


Figure 5. Cyclic voltammetry (CV) curves of bare GCE obtained in the presence of 3 mM H2O2 (a); CV curves of AuNPs/RGO modified electrode obtained in the absence (b) and presence of 3 mM H2O2 (d); and Ag-AuNPs/RGO modified electrode in the absence (c) and presence of 3 mM H2O2 (e). Scan rate: 50 mV·s−1.
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More CV experiments were conducted to study the H2O2 catalysis on the Ag-AuNPs/RGO modified electrode surface. Figure 6A displays the CV curves of Ag-AuNPs/RGO modified GCE at different H2O2 concentration in 0.1 mM PBS (pH = 7.2), and scan rate is 50 mV·s−1. It can be seen that the reduction current gradually increases with increasing concentration of H2O2, which indicates that the prepared Ag-AuNPs/RGO have a good catalytic response toward the changing of the concentration of H2O2. A good linear relationship between peak current and H2O2 concentration from 1.0 to 6.0 mM is shown in Figure 6B, the linear correlation coefficient is 0.9799 (R = 0.9799). In order to study possible kinetic mechanisms, we further tested the CV curves of Ag-AuNPs/RGO modified GCE at different scan rate. As shown in Figure 6C, with the increase of scanning rate from 50 to 400 mV·s−1, the electrocatalytic current gradually increases. Moreover, there is a good linear relationship between the response current and the square root of the scan rate (showed in Figure 6D), and the linear correlation coefficient R = 0.9992, suggesting that the reduction of H2O2 on the Ag-AuNPs/RGO modified GCE surface is diffusion control process. In addition, the CV experiments of the AuNPs/RGO modified GCE were also investigated, and the results were presented in Figure S5. By comparison, it is found that the bimetallic sensor reveals better performance than the single gold sensor. This may be due to the synergy of gold and silver.


Figure 6. (A) CV curves of Ag-AuNPs/RGO modified GCE obtained in Ar-saturated 0.1 M PBS (pH 7.2) with different concentration H2O2 (a–g: 0, 1, 2, 3, 4, 5 and 6 mM), scan rate: 50 mV·s−1; (B) Linear fitting curve of the reduction peak current (−0.65 V) vs. the H2O2 concentration; (C) CV curves of Ag-AuNPs/RGO modified GCE in Ar-saturated 0.1M PBS (pH 7.2) containing 3mM H2O2 at different scan rates (h–o: 50, 100, 150, 200, 250, 300, 350, and 400 mV·s−1); (D) the corresponding calibration plot of the reduction peak current (−0.65 V) vs. the square root of scan rate.
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Figure 7A shows the amperometric current-time curves for AuNPs/RGO modified GCE (curve a) and Ag-AuNPs/RGO modified GCE (curve b). The experiment was carried out in the Ar-saturated PBS (pH 7.2) solution with successive injections of H2O2. According to the previous reports, the higher potential could reduce noise and improve the sensing performance, so the constant potential of −0.2 V was applied [42]. It can be observed that the current response to successive injections of H2O2 is significant. Moreover, the Ag-AuNPs-RGO modified GCE has a stronger current response than the AuNPs-RGO modified GCE, which further indicates that the Ag-AuNPs/RGO modified electrode exhibits better electrochemical performance than the AuNPs/RGO modified electrode. Additionally, after each addition of H2O2, Ag-AuNPs/RGO modified GCE transiently responds to hydrogen peroxide, and the reduction current drastically increases to a stable value. Figure 7B shows a linear relation between the steady state reduction current and the concentration of H2O2 with a linear range of 0.1–10 mM. The correlation coefficient for AuNPs/RGO (curve a), Ag-AuNPs/RGO (curve b) are 0.9800 and 0.9981, respectively. The estimated sensitivity for H2O2 sensor was 112.05 μA·cm−2·mM−1. Additionally, according to the 3σ rule, the detection limit was calculated to be 0.57 μM estimated at a signal-to-noise ratio of 3 (S/N = 3), which was the value of 3 σ/S (σ is the standard deviation of the background signal, and S is the slope of H2O2 concentration and reduction current shown in the Figure 7B(b) [12,43,44,45,46]. The performances of modified electrodes were also compared with various sensors based on Ag and Au nanomaterials, and the results were presented in Table 1. The performance of our sensor herein is comparable and even better compared to other previous reported.


Figure 7. (A) Amperometric response of the AuNPs/RGO (a) and the Ag-AuNPs/RGO (b) sensors upon successive addition of H2O2 into 0.1 M PBS, pH 7.2 under a stirring condition, applied potential −0.2 V. The inset was the amplification of curve with the lower concentration region; (B) The linear relationship between different H2O2 concentration and reduction current.
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Table 1. Comparison of analytical performance of Ag-AuNPs-RGO modified electrode with previously reported similar modified electrodes for the detection of H2O2.





	Modified Eletrode
	Applied Potential (V)
	Linear Range (mM)
	Sensitivity (µA·mM−1·cm−2)
	Detection Limit (μM)
	Ref.





	Ag Nanowires
	−0.2
	0.1–3.1
	26.6
	29.2
	[46]



	Ag NPs-NFs a/GCE b
	−0.3
	0.1–80
	—
	62
	[47]



	ERGO c-Ag/GCE
	−0.3
	0.1–100
	—
	1.6
	[48]



	Ag Microspheres
	−0.5
	0.25–2.0
	—
	1.2
	[49]



	Porous Ag
	−0.2
	0.5–4.5
	31.8
	29.8
	[12]



	AuNPs-GO/Pt
	0.4
	0.05–4.6
	31.47
	25
	[16]



	Ag-rGO-CNT/ITO d
	−0.2
	0.05–1.4
	—
	1.32
	[42]



	Ag-AuNPs-RGO
	−0.2
	0.1–10
	112.05
	0.57
	this work







a NFs: nanofibers. b GCE: glassy carbon electrode. c ERGO: electrochemically reduced graphene oxide. d CNT/ITO: carbon nanotube/indium tin oxide.









3.3. Stability and Interference Study on the Ag-AuNPs/RGO Modified Electrode


In order to investigate the stability of Ag-AuNPs/RGO modified electrode, 50 continuous cycles were performed at a scan rate of 50 mV·s−1 in PBS (pH 7.2) containing 3 mM of H2O2. The result shows only 2.0% loss from the initial determination value (Figure S6). This result demonstrates that the Ag-AuNPs/RGO modified electrode has a good stability and repeatability. These excellent properties may be mainly attributed to the excellent stability of Ag-AuNPs on the surface of RGO. Furthermore, chronoamperometry was used to investigate the selectivity and anti-interference ability of Ag-AuNPs/RGO modified electrode as a hydrogen peroxide sensor. As shown in Figure 8, Ag-AuNPs/RGO electrode showed no significant current response to Glu (glucose), AA (ascorbic acid), and CA (citrate acid), but had a significant current response to H2O2, confirming that the modified GCE with Ag-AuNPs/RGO has good selectivity to H2O2 and good anti-interference ability to electroactive substances. Consequently, all these excellent properties provide potential applications for Ag-AuNPs/RGO as a non-enzymatic sensing material.


Figure 8. Amperometric response of the Ag-AuNPs/RGO modified GCE for the successive addition of H2O2, glucose, AA and CA (1 mM, respectively) in Ar-saturated 0.1 M PBS (pH 7.2) at −0.2 V.
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4. Conclusions


In this study, we used sodium alginate as a reducing agent and stabilizer, and graphene as a carrier to prepare uniform Ag-AuNPs with good stability. From the electron microscopy image, it can be seen that the Ag-AuNPs are evenly supported on the surface of RGO without apparent aggregation. The nanoparticles are uniformly distributed, with particle sizes ranging from 8 to 30 nm and spherical in shape. A non-enzymatic H2O2 sensor was successfully constructed by dropping Ag-AuNPs/RGO on GCE. Compared with other studies, the sensor exhibits good electrocatalytic response for H2O2, and also has a wider linear range, lower detection limit and high sensitivity. In addition, the sensor also has special selectivity for hydrogen peroxide.
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Author Contributions


X.Z. and Q.L. conceived and designed the experiments; L.Z. performed the experiments; Y.W. and Y.D. analyzed the data; Y.X. contributed reagents/materials/analysis tools; X.Z. and L.Z. wrote the paper.




Funding


This research was funded by National Natural Science Foundation of China: 51503110, 51773102, 21703114 Program for Changjiang Scholars and Innovative Research Team in University: IRT_14R30.




Acknowledgments


This work was supported by the Natural Science Foundation of China (No. 51503110, No. 51773102, No.21703114), the Program for Changjiang Scholars and Innovative Research Team in University (IRT_14R30).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Ko, E.; Tran, V.; Geng, Y.; Chung, W.S.; Park, C.H.; Kim, M.K.; Jin, G.H.; Seong, G.H. Continuous electrochemical detection of hydrogen peroxide by Au-Ag bimetallic nanoparticles in micro fluidic devices. J. Electroanal. Chem. 2017, 792, 72–78. [Google Scholar] [CrossRef]

	2. 
Guler, M.; Turkoglu, V.; Bulut, A.; Zahmakiran, M. Electrochemical sensing of hydrogen peroxide using Pd@Ag bimetallic nanoparticles decorated functionalized reduced graphene oxide. Electrochim. Acta 2018, 263, 118–126. [Google Scholar] [CrossRef]

	3. 
Zhu, J.; Nie, W.; Wang, Q.; Li, J.; Li, H.; Wen, W.; Bao, T. In situ growth of copper oxide-graphite carbon nitride nanocomposites with peroxidase-mimicking activity for electrocatalytic and colorimetric detection of hydrogen peroxide. Carbon 2018, 129, 29–37. [Google Scholar] [CrossRef]

	4. 
He, J.; Sunarso, J.; Zhu, Y.; Zhong, Y.; Miao, J. High-performance non-enzymatic perovskite sensor for hydrogen peroxide and glucose electrochemical detection. Sens. Actuators B Chem. 2017, 244, 482–491. [Google Scholar] [CrossRef]

	5. 
Zhang, R.; Chen, W. Recent advances in graphene-based nanomaterials for fabricating electrochemical hydrogen peroxide sensors. Biosens. Bioelectron. 2017, 89, 249–268. [Google Scholar] [CrossRef] [PubMed]

	6. 
Zhao, W.; Jin, J.; Wu, H.; Wang, S.; Fneg, C.; Yang, S.; Ding, Y. Electrochemical hydrogen peroxide sensor based on carbon supported Cu@Pt core-shell nanoparticles. Mater. Sci. Eng. C 2017, 78, 185–190. [Google Scholar] [CrossRef] [PubMed]

	7. 
Singh, S.; Singh, M.; Mitra, K.; Singh, R.; Kumar, S.; Gupta, S.; Tiwari, I.; Ray, B. Electrochemical sensing of hydrogen peroxide using brominated graphene as mimetic catalase. Electrochim. Acta 2017, 258, 1435–1444. [Google Scholar] [CrossRef]

	8. 
Dhara, K.; Ramachandran, T.; Nair, B.G.; Satheesh Babu, T.G. Au nanoparticles decorated reduced graphene oxide for the fabrication of disposable nonenzymatic hydrogen peroxide sensor. J. Electroanal. Chem. 2016, 764, 64–70. [Google Scholar] [CrossRef]

	9. 
Hooch Antink, W.; Choi, Y.; Seong, K.; Piao, Y. Simple synthesis of CuO/Ag nanocomposite electrode using precursor ink for non-enzymatic electrochemical hydrogen peroxide sensing. Sens. Actuators B Chem. 2018, 255, 1995–2001. [Google Scholar] [CrossRef]

	10. 
Liu, Y.; Han, Y.; Chen, R.; Zhang, H.; Liu, S. In situ Immobilization of Copper Nanoparticles on Polydopamine Coated Graphene Oxide for H2O2 Determination. PLoS ONE 2016, 11, e0157926. [Google Scholar] [CrossRef] [PubMed]

	11. 
Chen, Z.; Zhang, C.; Wu, Q.; Li, K.; Tan, L. Application of triangular silver nanoplates for colorimetric detection of H2O2. Sens. Actuators B Chem. 2015, 220, 314–317. [Google Scholar] [CrossRef]

	12. 
Kurowska-Tabor, E.; Gawlak, K.; Hnida, K.; Jaskuła, M.; Sulka, G.D. Synthesis of porous thin silver films and their application for hydrogen peroxide sensing. Electrochim. Acta 2016, 213, 811–821. [Google Scholar] [CrossRef]

	13. 
Sherino, B.; Mohamad, S.; Nadiah, S.; Halim, A.; Suhana, N.; Manan, A. Electrochemical detection of hydrogen peroxide on a new microporous Ni–metal organic framework material-carbon paste electrode. Sens. Actuators B Chem. 2018, 254, 1148–1156. [Google Scholar] [CrossRef]

	14. 
Li, Z.; Zheng, X.; Zheng, J. A non-enzymatic sensor based on Au@Ag nanoparticles with good stability for sensitive detection of H2O2. New J. Chem. 2016, 40, 2115–2120. [Google Scholar] [CrossRef]

	15. 
Palanisamy, S.; Kokulnathan, T.; Chen, S.M.; Velusamy, V.; Ramaraj, S.K. Voltammetric determination of Sudan I in food samples based on platinum nanoparticles decorated on graphene-β-cyclodextrin modified electrode. J. Electroanal. Chem. 2017, 794, 64–70. [Google Scholar] [CrossRef]

	16. 
Bas, S.Z. Gold nanoparticle functionalized graphene oxide modified platinum electrode for hydrogen peroxide and glucose sensing. Mater. Lett. 2015, 150, 20–23. [Google Scholar] [CrossRef]

	17. 
Yusoff, N.; Rameshkumar, P.; Mehmood, M.S.; Pandikumar, A.; Lee, H.W.; Huang, N.M. Ternary nanohybrid of reduced graphene oxide-nafion@silver nanoparticles for boosting the sensor performance in non-enzymatic amperometric detection of hydrogen peroxide. Biosens. Bioelectron. 2017, 87, 1020–1028. [Google Scholar] [CrossRef] [PubMed]

	18. 
Trachioti, M.G.; Hrbac, J.; Prodromidis, M.I. Determination of Cd and Zn with “green” screen-printed electrodes modified with instantly prepared sparked tin nanoparticles. Sens. Actuators B Chem. 2018, 260, 1076–1083. [Google Scholar] [CrossRef]

	19. 
Huang, J.; Tian, J.; Zhao, Y.; Zhao, S. Ag/Au nanoparticles coated graphene electrochemical sensor for ultrasensitive analysis of carcinoembryonic antigen in clinical immunoassay. Sens. Actuators B Chem. 2015, 206, 570–576. [Google Scholar] [CrossRef]

	20. 
Dong, S.; Yang, Q.; Peng, L.; Fang, Y.; Huang, T. Dendritic Ag@Cu bimetallic interface for enhanced electrochemical responses on glucose and hydrogen peroxide. Sens. Actuators B Chem. 2016, 232, 375–382. [Google Scholar] [CrossRef]

	21. 
Yang, X.; Ouyang, Y.; Wu, F.; Hu, Y.; Zhang, H.; Wu, Z. In situ & controlled preparation of platinum nanoparticles dopping into graphene sheets@cerium oxide nanocomposites sensitized screen printed electrode for nonenzymatic electrochemical sensing of hydrogen peroxide. J. Electroanal. Chem. 2016, 777, 85–91. [Google Scholar]

	22. 
Obliosca, J.M.; Wu, Y.-S.; Hsieh, H.-Y.; Chang, C.-J. Synthesis and optical properties of gold/silver nanocomposites prepared on multi-walled carbon nanotubes via galvanic replacement of silver nanoparticles. J. Nanopart. Res. 2012, 14, 834. [Google Scholar] [CrossRef]

	23. 
Yan, J.; Wang, K.; Xu, H.; Qian, J.; Liu, W.; Yang, X.; Li, H. Visible-light photocatalytic efficiencies and anti-photocorrosion behavior of CdS/graphene nanocomposites: Evaluation using methylene blue degradation. Chin. J. Catal. 2013, 34, 1876–1882. [Google Scholar] [CrossRef]

	24. 
Zhang, K.; Chen, X.; Li, Z.; Wang, Y.; Sun, S.; Wang, L.; Guo, T.; Zhang, D.; Xue, Z.; Zhou, X.; et al. Au-Pt bimetallic nanoparticles decorated on sulfonated nitrogen sulfur co-doped graphene for simultaneous determination of dopamine and uric acid. Talanta 2018, 178, 315–323. [Google Scholar] [CrossRef] [PubMed]

	25. 
Feng, W.; Yang, L.; Cao, N.; Du, C.; Dai, H.; Luo, W.; Cheng, G. In situ facile synthesis of bimetallic CoNi catalyst supported on graphene for hydrolytic dehydrogenation of amine borane. Int. J. Hydrogen Energy 2014, 39, 3371–3380. [Google Scholar] [CrossRef]

	26. 
Zhao, X.; Xia, Y.; Li, Q.; Ma, X.; Quan, F. Microwave-assisted synthesis of silver nanoparticles using sodium alginate and their antibacterial activity. Colloids Surf. A Physicochem. Eng. Asp. 2014, 444, 180–188. [Google Scholar] [CrossRef]

	27. 
Huang, J.F.; Li, Y.T.; Wu, J.H.; Dong, X.M.; Cao, P.Y.; Liu, Y.L.; Lin, Z.T.; Jiang, G.B. Facile preparation of amorphous iron nanoparticles filled alginate matrix composites with high stability. Compos. Sci. Technol. 2016, 134, 168–174. [Google Scholar] [CrossRef]

	28. 
Shao, Y.; Wu, C.; Wu, T.; Yuan, C.; Chen, S.; Ding, T.; Ye, X.; Hu, Y. Green synthesis of sodium alginate-silver nanoparticles and their antibacterial activity. Int. J. Biol. Macromol. 2018, 111, 1281–1292. [Google Scholar] [CrossRef] [PubMed]

	29. 
Xu, L.; Hong, M.; Wang, Y.; Li, M.; Li, H.; Nair, M.P.N.; Li, C.Z. Tunable synthesis solid or hollow Au–Ag nanostructure, assembled with GO and comparative study of their catalytic properties. Sci. Bull. 2016, 61, 1525–1535. [Google Scholar] [CrossRef]

	30. 
Berbeć, S.; Żołądek, S.; Jabłońska, A.; Pałys, B. Electrochemically reduced graphene oxide on gold nanoparticles modified with a polyoxomolybdate film. Highly sensitive non-enzymatic electrochemical detection of H2O2. Sens. Actuators B Chem. 2018, 258, 745–756. [Google Scholar] [CrossRef]

	31. 
Donini, C.A.; da Silva, M.K.L.; Simões, R.P.; Cesarino, I. Reduced graphene oxide modified with silver nanoparticles for the electrochemical detection of estriol. J. Electroanal. Chem. 2018, 809, 67–73. [Google Scholar] [CrossRef]

	32. 
Yang, B.; Bin, D.; Zhang, K.; Du, Y.; Majima, T. A seed-mediated method to design N-doped graphene supported gold-silver nanothorns sensor for rutin detection. J. Colloid Interface Sci. 2018, 512, 446–454. [Google Scholar] [CrossRef] [PubMed]

	33. 
Li, X.; Ma, Y.; Yang, Z.; Huang, D.; Xu, S.; Wang, T.; Su, Y.; Hu, N.; Zhang, Y. In situ preparation of magnetic Ni-Au/graphene nanocomposites with electron-enhanced catalytic performance. J. Alloys Compd. 2017, 706, 377–386. [Google Scholar] [CrossRef]

	34. 
Vinoth, V.; Wu, J.J.; Asiri, A.M.; Anandan, S. Sonochemical synthesis of silver nanoparticles anchored reduced graphene oxide nanosheets for selective and sensitive detection of glutathione. Ultrason. Sonochem. 2017, 39, 363–373. [Google Scholar] [CrossRef] [PubMed]

	35. 
Li, D.; Meng, L.; Dang, S.; Jiang, D.; Shi, W. Hydrogen peroxide sensing using Cu2O nanocubes decorated by Ag-Au alloy nanoparticles. J. Alloys Compd. 2017, 690, 1–7. [Google Scholar] [CrossRef]

	36. 
Yang, X.; Ouyang, Y.; Wu, F.; Hu, Y.; Ji, Y.; Wu, Z. Size controllable preparation of gold nanoparticles loading on graphene sheets@cerium oxide nanocomposites modified gold electrode for nonenzymatic hydrogen peroxide detection. Sens. Actuators B Chem. 2017, 238, 40–47. [Google Scholar] [CrossRef]

	37. 
Kumar, V.; Singh, D.K.; Mohan, S.; Bano, D.; Kumar, R.; Hadi, S. Green synthesis of silver nanoparticle for the selective and sensitive colorimetric detection of mercury (II) ion. J. Photochem. Photobiol. B Biol. 2017, 168, 67–77. [Google Scholar] [CrossRef] [PubMed]

	38. 
Babu, S.G.; Gopiraman, M.; Deng, D.; Wei, K.; Karvembu, R.; Kim, I.S. Robust Au-Ag/graphene bimetallic nanocatalyst for multifunctional activity with high synergism. Chem. Eng. J. 2016, 300, 146–159. [Google Scholar] [CrossRef]

	39. 
Huang, B.; Wang, Y.; Lu, Z.; Du, H.; Ye, J. One pot synthesis of palladium-cobalt nanoparticles over carbon nanotubes as a sensitive non-enzymatic sensor for glucose and hydrogen peroxide detection. Sens. Actuators B Chem. 2017, 252, 1016–1025. [Google Scholar] [CrossRef]

	40. 
Lu, D.; Zhang, Y.; Lin, S.; Wang, L.; Wang, C. Synthesis of PtAu bimetallic nanoparticles on graphene–carbon nanotube hybrid nanomaterials for nonenzymatic hydrogen peroxide sensor. Talanta 2013, 112, 111–116. [Google Scholar] [CrossRef] [PubMed]

	41. 
Li, H.; Zhao, H.; He, H.; Shi, L.; Cai, X.; Lan, M. Pt-Pd bimetallic nanocoral modified carbon fiber microelectrode as a sensitive hydrogen peroxide sensor for cellular detection. Sens. Actuators B Chem. 2018, 260, 174–182. [Google Scholar] [CrossRef]

	42. 
Zhang, Y.; Wang, Z.; Liu, S.; Zhang, T. In situ growth of Ag-reduced graphene oxide-carbon nanotube on indium tin oxide and its application for electrochemical sensing. Mater. Res. Bull. 2016, 84, 355–362. [Google Scholar] [CrossRef]

	43. 
Yang, X.; Wang, Y.; Liu, Y.; Jiang, X. A sensitive hydrogen peroxide and glucose biosensor based on gold/silver core–shell nanorods. Electrochim. Acta 2013, 108, 39–44. [Google Scholar] [CrossRef]

	44. 
Liu, T.; Luo, Y.; Wang, W.; Kong, L.; Zhu, J.; Tan, L. Non-enzymatic detection of hydrogen peroxide based on Fenton-type reaction on poly(azure A)-chitosan/Cu modified electrode. Electrochim. Acta 2015, 182, 742–750. [Google Scholar] [CrossRef]

	45. 
Yang, D.; Guo, W.; Cai, Z.; Chen, Y.; He, X.; Huang, C.; Zhuang, J.; Jia, N. Highly sensitive electrochemiluminescence biosensor for cholesterol detection based on AgNPs-BSA-MnO2 nanosheets with superior biocompatibility and synergistic catalytic activity. Sens. Actuators B Chem. 2018, 260, 642–649. [Google Scholar] [CrossRef]

	46. 
Tian, J.; Liu, S.; Sun, X. Supramolecular microfibrils of o-phenylenediamine dimers: Oxidation-induced morphology change and the spontaneous formation of Ag nanoparticle decorated nanofibers. Langmuir 2010, 26, 15112–15116. [Google Scholar] [CrossRef] [PubMed]

	47. 
Kurowska, E.; Brzózka, A.; Jarosz, M.; Sulka, G.D.; Jaskuła, M. Silver nanowire array sensor for sensitive and rapid detection of H2O2. Electrochim. Acta 2013, 104, 439–447. [Google Scholar] [CrossRef]

	48. 
Moradi Golsheikh, A.; Huang, N.M.; Lim, H.N.; Zakaria, R.; Yin, C.Y. One-step electrodeposition synthesis of silver-nanoparticle-decorated graphene on indium-tin-oxide for enzymeless hydrogen peroxide detection. Carbon 2013, 62, 405–412. [Google Scholar] [CrossRef]

	49. 
Zhao, B.; Liu, Z.; Liu, Z.; Liu, G.; Li, Z.; Wang, J.; Dong, X. Silver microspheres for application as hydrogen peroxide sensor. Electrochem. Commun. 2009, 11, 1707–1710. [Google Scholar] [CrossRef]








[image: Nanomaterials 08 00507 sch001 550]





Scheme 1. Schematic illustration of synthesis of Ag-AuNPs/reduced graphene oxide (RGO) and its application in the electrochemical detection of H2O2. 
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