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Abstract

:

This work describes a straightforward method using one-step preparation of graphene/nickel nanocomposite materials from low-cost materials including graphene oxide and nickel metal. Repetitive CVs lead to the simultaneous deposition of metallic nickel nanoparticles and reduced graphene oxide sheets onto glassy carbon electrode. The obtained nanocomposite-modified surfaces were characterised by cyclic voltammetry, differential pulse voltammetry and field emission scanning electron microscopy. The result demonstrated the ability to produce nickel nanoparticles with a small size of about 20 nm, uniformly dispersed on a graphene oxide matrix. The ERGO-NiNP nanocomposite could be used as a sensor material exhibiting high performance; it is used here in order to detect Sunset Yellow (SY) and for quantification in complex media. The sensor enables rapid quantification of SY with a good linearity (R2 = 0.996) in the range of 10–1000 nM, together with a low detection limit of 3.7 nM (equivalent to 1.7 µg L−1) and a high sensitivity up to 7 µA/µM. The sensor also displays high reliability with a RSD value = 1.08 (n = 10) and good reusability (signal response variation below 5% after 5 detection/cleaning cycles). Finally, we demonstrate how this GCE/ERGO-NiNP sensor can be used for the successful determination of SY in commercial soft drink samples with an acceptable deviation below 6.4% when compared to HPLC method.
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1. Introduction


Sunset yellow (SY) is a dye extensively used in the preparation of several types of food including soft drinks, candies, cheese, cake, ice-cream, canned juice, sauce, etc. It is a synthetic dye composed of an azo group with aromatic rings that can cause mutagenic and carcinogenic risks in humans [1,2,3]. Its use in foods is already banned in a few countries such as the USA, Norway and Finland. An effective method for SY determination is highly necessary for improving food safety control. For conventional techniques used to quantify SY analysis, one can refer to UV-VIS absorption [4,5] fluorescence [6], Raman [7] spectroscopies, and liquid chromatography [8,9] with varying levels of complexity and accuracy. In this context, electrochemical techniques offer the advantage that they can be used directly in the medium to test, with little preparation, thus simplifying the detection protocol in order to offer a rapid response and portable analysis. The challenge is therefore to develop electrodes enabling high sensitivity and accuracy.



Graphene appears as an excellent supporting material owing to its unique electronic properties and large specific surface area [10]. Therefore, it has attracted great attention for various fields such as electronics [11], supercapacitors [12], nanocomposite materials [13] and especially in electrochemical/biosensors [14,15,16]. Prior to the fabrication of graphene-based sensors, a direct electrochemical reduction exhibits a straightforward route to reduce graphene oxide (GO) into electrochemically reduced GO (ERGO) from GO suspensions [17]. However, graphene nanosheets tend towards the formation of irreversible agglomerates that could cause dramatic deterioration of the sheet’s properties due to strong planar stacking of graphene layers. These will impede the continuous pathway for electron/photon transport and thus restrict widespread applications [18,19]. In recent years, effective strategies have been proposed to separate graphene sheets by adding stabilizers such as surfactants [20,21], ionic liquids [22,23], and polymers [24]. Inorganic nanoparticles based on metals and metallic oxides, being relatively stable and robust with respect to the above agents, have become promising candidates as stabilizers for improving the electrochemical performance of graphene-modified sensors. Furthermore, the fabrication of metallic nanoparticle–graphene nanohybrids can benefit from the synergic effect of both nanomaterials for applications [25,26]. Various metallic species have been successfully proposed for incorporation into graphene-based materials for electroanalytical applications, varying from the precious metals AuNPs [27,28,29], Au-Pd [30], Pt [31], and Ag [32] to the transition metal oxides Cu2O [33,34], CuO [35,36], Mn3O4 [37], Fe3O4 [38], TiO2 [39,40], CeO2 [41], ZnO [42], and ZrO2 [43]. However, graphene-based sensors are usually elaborated using Reduced Graphene Oxide (RGO) obtained via chemical reduction using toxic reducing agents, thus causing serious problems for human health and the environment. Therefore, effective and eco-friendly techniques enabling the preparation of graphene-based hybrid nanocomposites are highly recommended. In this context, electrochemical techniques exhibit several advantages for the preparation of graphene-metal nanocomposites with various benefits: (i) it can be achieved via a one-step process from a graphene oxide–ion metal mixture; it is green and fast without the use of any toxic chemical agents; (ii) the method is easily controllable by fine-tuning of electrochemical parameters; and (iii) it enables the direct preparation of a nanocomposite directly deposited onto a substrate and ready to use as an electrode.



By tuning the electrochemical protocol, a variety of nanocomposite materials have been prepared for applications such as PtNPs-graphene for methanol oxidation in fuel cell applications [44]; MnO2 nanowall-graphene, Ni(OH)2NPs-graphene, MoS2-graphene for supercapacitors [45,46]. They can be used as BiNPs-graphene for the electrochemical detection of lead metal in pore water samples [47]; CuNPs-graphene and AgNPs-graphene for hydrogen peroxide detection [48]; ZnONPs-graphene for the photocatalytic removal of organic pollutants [49]; and AuNPs-graphene for the electroanalytical detection of dopamine, ascorbic and uric acids [28,29]. Moreover, metallic nickel/nickel oxide nanoparticle materials have attracted tremendous attention due to their high electrochemical stability and electrocatalytic activity while remaining low-cost materials. The nickel/graphene nanocomposites were also found to be high-performance materials with which to fabricate sensitive electrochemical sensors such as those for the detection of glucose [50,51,52], methanol [53], and ethanol [24]. However, these methods were mainly focused on two-step electrochemical synthesis protocols of graphene-nickel nanomaterials with a structure of two separated layers. This motivates the search for alternative routes, enabling a more straightforward approach to the fabrication of graphene–nickel nanocomposites.



This work reports on an alternative method enabling the one-step preparation of nickel nanoparticles/reduced graphene oxide nanocomposite materials for the rapid determination of SY. In fact, one investigation has already proposed such an approach in order to prepare graphene–nickel nanocomposites with a structure of alternating layers of metal oxide nanoparticles and ERGO sheets; those developments were used towards the electroanalytical detection of 2,4,6-trinitrophenol [54]. By using a simple electrochemical deposition process onto glassy carbon substrate, a graphene oxide/nickel nanocomposite-modified carbon surface can be obtained and applied as an electrochemical, ready-to-use platform for sensing applications. The procedure described herein is particularly robust. The morphology of the obtained nanocomposite films was analysed using FE-SEM microscopy and its electrochemical performances were carefully characterised using Cyclic Voltammetry (CV), and Differential Pulse Voltammetry (DPV) techniques. The result demonstrated that such GCE/ERGO-NiNP sensors could be used for successful determination of SY in complex media such as soft drink samples. The prepared ERGO/NiNP nanocomposite appears as a promising platform to enable the fabrication of sensitive, fast, and accurate electrochemical sensors for analytical applications.




2. Materials and Methods


2.1. Reagents


The sunset yellow SY (90.5%) was supplied by LGC standard, Dr. Ehrenstorfer GmbH, Germany. Nickel chloride hydrate (NiCl2.6H2O), lithium perchlorate (LiClO4 99%), potassium hexacyanoferrate (II) trihydrate (K4Fe(CN)6.3H2O), potassium hexacyanoferrate (III) (K3Fe(CN)6), and potassium chloride (KCl) were obtained from Sigma Aldrich. All chemical agents are analytical grade and used as received without further purification. Deionised water (18.2 Ω) was used from a purification system (Milli-Q Integral 3). Graphene oxide (GO) was previously synthesized following modified Hummer methods as described in detail elsewhere [55].




2.2. Electrochemical Measurements


Electrochemical measuring was carried out with a conventional three-electrode system using a CIMPS electrochemical workstation (Zahnner). A Pt wire and a saturated calomel reference electrode (SCE) were used as counter and reference electrodes respectively, while glassy carbon electrodes (3 mm diameter) modified with ERGO or ERGO-NiNP nanocomposites material are the working electrodes. The DPV signals were registered from 0 to 0.9 V/SCE after 2 min of accumulation at 0V/SCE. The DPV measurements were recorded using experimental parameters at scan rate of 20 mV s−1, step potential of 6 mV, pulse amplitude of 30 mV, pulse width of 120 ms, integration time of 60 ms. of deposited onto ITO surface (2 × 1 cm2) was used for deposition of ERGO or ERGO-NiNP layers for morphology characterisation using field emission scanning electron microscopy (FE-SEM, Hitachi S4800).




2.3. Electrochemical Preparation of Nickel/Graphene-Modified Electrodes (GCE/ERGO-NiNPs)


The prepared GO solid powder was firstly dispersed in deionised water (8.0 mL, 1 mg mL−1) using ultra-sonication for 1 h. This suspension was subsequently centrifuged and decanted to eliminate graphite flakes. LiClO4 salt was added into a GO solution, which was sonicated for 15 min in order to reach a 0.2 M concentration in the resulting electrolyte. In addition, 0.5 mM NiCl2 nickel salt was added to the GO + LiClO4 solution from diluted NiCl2 solution (0.05 M) under gentle stirring to make the final solution for electrodeposition. Prior to modification, the GCE electrodes were thoroughly polished with DP-Nap 1 µm polishing paper (Struers) and cleaned via ultra-sonication in acetone and water for 5 min. Afterwards, the ERGO and nickel/nickel oxide nanoparticle composite-modified GCE (denoted as GCE/ERGO-NiNP) was prepared using the cyclic voltammetry method (10 scans) between 0.6 to −1.5 V/SCE in GO + NiCl2 suspension that was purged with argon bubbling under magnetic stirring. For comparison, an ERGO-modified electrode (denoted as GCE/ERGO) was prepared using the same method from a dispersion of GO without NiCl2 salt.




2.4. Sample Preparation and Detection


Electrolyte solutions with different pH values (pH = 3–8) were prepared using 0.1 M acetate buffer (pH = 3, 4, 5) and 0.1 M phosphate buffer (pH = 6, 7, 8). A standard solution (10−4 M) was prepared daily from the SY compound. Prior to detection, the soft drink samples were treated by simple filtration with a membrane syringe (KX Nylon membrane, 13 mm, 0.22 μm, Kinesis). Then, the sample was diluted in the buffer for electrochemical analysis. In parallel, SY contents in real samples were also determined using HPLC [55] for comparison.





3. Results and Discussion


3.1. Preparation and Characterization of ERGO-NiNP Film-Modified Electrode


The modified electrodes were prepared using a simple electrochemical reduction consisting of 10 successive CV scans in the graphene oxide solution without or with NiCl2 salt. The CV of GO solution exhibits three characteristic signals, two reduction peaks at −0.5 and −1.35 V/ECS and one oxidation peak at 0.15 V/ECS (Figure 1A). The repetitive reduction process led to the electrodeposition of electrochemically reduced graphene oxide films on the GCE surface (denoted as GCE/ERGO) following the previously described procedure [55]. The CV of the GO solution containing NiCl2 salt displays significant changes (Figure 1B). The first CV scan shows the characteristic signals for GO reduction-oxidation processes along with two additional signals: one oxidation peak at −0.2 V/SCE and one reduction peak at −0.8 V/SCE. Both additional signals could be assigned to the reduction/oxidation of nickel and leading to the deposition of Ni metal nanoparticles (see Equation (1)) along with reduced graphene oxide (see Electronic Supporting Information Figure S1). The second CV scan displays the characteristic signal of nickel reduction at −0.8 V/SCE and a very high current in the cathodic region overlapping the peak of GO reduction (current value increases by 5-fold). This dramatic increase in the current is proposed to be due to a hydrogen evolution reaction catalysed by electrodeposited nickel metal after the first CV scan. Thus, the generated hydroxyl group reacts with Ni2+ ions to Ni(OH)2 precipitates that could probably be decomposed into NiO compounds following Equations (2) and (3) [52,53]. In fact, Tao et al. [56] demonstrated that electrodeposited nickel nanoparticles exhibited high catalytic activity towards hydrogen evolution. It could be proposed that this process led to the deposition of reduced graphene oxide and nickel nanocomposite materials (including Ni and NiO nanoparticles) onto electrode surfaces (denoted ERGO-NiNP nanocomposite). No more significant changes for the following CVs scans (from 3–10th) are noted, suggesting that the ERGO-NiNP nanocomposite is continuously formed and deposited for the following successive scans. These observations indicate that a simple cycling potential method could allow both synthesis and deposition of ERGO-NiNP nanocomposites onto GCE surfaces.


Ni2+ + 2e− → Ni nanoparticle



(1)






Ni2+ + 2H2O → Ni(OH)2 + H2



(2)






Ni(OH)2 → NiO + H2O



(3)







FE-SEM characterization confirmed the deposition of ERGO and ERGO-NiNP films. In fact, ERGO films exhibit a crumpled lamellar structure of graphene nanosheets (Figure 2A) while ERGO-NiNP films present homogenous dispersion of nickel nanoparticles of size 20–30 nm into the graphene matrix and present a structure of alternating layers of metal nanoparticles and reduced graphene oxide layers (Figure 2B). From the EDX spectrum, the peak of C and Ni originating from ERGO-NiNP nanocomposite onto the ITO substrate could be seen (see Electronic Supporting Information Figure S2). Further characterisation of ERGO-NiNPs onto the ITO plate was performed by the XRD method. However, we observed that the main signals correspond to the ITO phase. It was not possible to clearly identify the phase of electrodeposited metallic nickels, probably because deposited nickel particle layers are too thin with respect to the ITO substrate (see Electronic Supporting Information Figure S3). Increasing the nickel phase by increasing the number of CV scans to 2 folds (20 scans) do not even allow the identification of the exact state of the deposited nickel materials. Finally, based on SEM images, the described electrodeposition method enables simultaneous preparation of graphene and nickel nanocomposite materials in which the nickel metallic nanoparticles exhibited small size and were well dispersed into the graphene matrix film.



The modified electrode surfaces are further characterized using cyclic voltammetry using K3Fe(CN)6/K4Fe(CN)6 as a couple redox probe (Figure 3). The CVs display the characteristic signals of Fe(III)/Fe(II) couple. Remarkably, peak currents were increased along with smaller peak-to-peak separations after the modification process. The peak-to-peak separation values (ΔEp = Epa–Epc where Epa and Epc are the anodic and cathodic peak potentials, respectively) are estimated to be approximately 64 mV for both ERGO and ERGO-NiNP-modified surfaces with the respect to 120 mV of the GCE electrode. Furthermore, the electrochemically active surface areas (ECSA) calculated according to the Randles-Sevcik equation were estimated to be 0.075, 0.165 and 0.157 cm2 corresponding to GCE, GCE/ERGO and GCE/ERGO-NiNPs respectively (See Electronic Supporting Information Figure S4). The value for the GCE surface is very close to the geometric value of 0.071 cm2, indicating good reliability of this estimation. The modified surfaces exhibited a significant enhancement of ECSA values up to 2.2- and 2.1-fold for ERGO and ERGO-NiNP-modified surfaces with respect to GCE surface. Surprisingly, a slightly lower ECSA is obtained for ERGO-NiNP compared to ERGO. As observed via the FE-SEM images, the introduction of nickel results in more compact ERGO films, and thus potentially lower electrochemical activity than ERGO single films. This observation could be considered a reasonable explanation for the slightly lower ECSA of ERGO-NiNP-modified surfaces. These results clearly demonstrate the successful preparation of ERGO and ERGO-NiNP-modified surfaces with enhanced surface area and good conductivity of both nickel and graphene nanomaterials.



The electrochemical behaviours of SY on the modified electrodes were studied using CV and DPV techniques. Voltammograms display a well-defined peak at E = 0.735 V/SCE with a peak-to-peak separation ΔEp = Epa–Epc equal to 30 mV for both GCE/ERGO and GCE/ERGO-NiNP surfaces (Figure 4A). Thus, the number of electrons transferred in the redox reaction could be estimated at 60/ΔEp = 2 for a reversible redox reaction. This observation indicates that the electrochemical oxidation of SY onto graphene-modified GCE electrodes is a reversible process [57]. Compared to GCE, the modified surfaces lead to a remarkable enhancement of the SY signal, with an even better signal on ERGO-NiNPs (Figure 4A). DPV experiments exhibit a clear effect of the different surfaces (Figure 4B). The DPV signal shows a peak of 0.3 µA at 0.77 V for the bare GCE. Current intensities are significantly increased up to 3.3 and 5.4 µA for ERGO and ERGO-NiNP-modified surfaces respectively, approximately improved by 11- and 18-fold. It could be proposed that the NiNPs of nanocomposite materials induce higher affinity to adsorb SY with respect to ERGO materials, and this leads to higher DPV current responses than on ERGO-modified electrodes. Furthermore, oxidation peak potentials of SY are negatively shifted to 0.74 V/SCE for ERGO and ERGO-NiNP-modified surfaces. ERGO-NiNP nanocomposite-modified surfaces led to a significant improvement in SY sensitivity due to the combination of the excellent properties of graphene with the nickel nanoparticles in the composite that provide high surface area and conductivity. This result confirms that the incorporation of nickel metal into the ERGO matrix improves the adsorption capacity for SY and thus enhances the oxidation as observed from other investigations [54]. Since GCE/ERGO-NiNPs exhibited the most efficient electrochemical surface activity toward SY detection, it was used as the working electrode for the sensing experiments below.




3.2. Electrochemical Behaviors of the SY onto GCE/ERGO-NiNPs Surface


The effect of the pH value on the electrochemical response was studied using the CV method in buffer solutions with pH values ranging from 3 to 8. The intensity of the current corresponding to the SY anodic peak changes with pH, and is obtained at its highest value for a pH = 4.0 (Figure 5A). This pH value is selected as an optimized buffer solution for further investigations. Otherwise, both anodic and cathodic peak potentials are decreased with an increase in pH. This result indicates the oxidation mechanism of SY involving electron transfers coupled with proton exchange. The anodic peak potential was linearly changed to pH value following the equation (Figure 5B):


Epa (mV) = (−33.5 ± 1.2) × pH + (888.5 ± 6.6) (R2 = 0.995).



(4)







The slope of the 33.5 mV pH−1 unit is estimated to a half of the theoretical Nernstian value of 59 mV pH−1, indicating that the proton/electron ratio involved in the SY oxidation reaction is approximately being to 0.5.



The effect of the scan rate on the response of 10 µM SY on the GCE/ERGO-NiNPs is investigated. The CVs show that the peaks exhibit an increase in the currents and shift with respect to the formal potential toward increasing the scan rate (Figure 6A). This behaviour is involved in the kinetics of the electrochemical process. The anodic and cathodic peak currents are linearly varied to the scan rate 0.02–0.4 V s−1 following the equation:


Ipa (µA) = (110.5 ± 3.62) × v



(5)






Ipc (µA) = (−73.0 ± 3.42) × v



(6)







The current increases slowly over the range of 0.5–1.0 V s−1 and deviates from linearity (Figure 6B). This observation indicates that the mechanism of the electrochemical process of SY was changed gradually from an adsorption to a diffusion process. Such a property is in good agreement with some previous works which used ionic liquid functionalised reduced graphene oxide-AuNPs and polypyrrole-carbon nanotube nanocomposite-modified electrodes [22,58]. Using Laviron’s theory, the peak potentials were plotted towards the logarithm of the scan rate, leading to two linear lines over the range 0.07–0.4 V s−1 using the following equations (Figure 6C):


Epa (V) = (0.0315 ± 0.0020) × lnv(V s−1) + (0.839 ± 0.0037)



(7)






Epc = (−0.0279 ± 0.0022) × lnv(V s−1) + (0.0637 ± 0.0042)



(8)







From these slope values, the values of n and α were estimated at 1.73 and 0.55 following equations RT/(1-α)nF and –RT/αnF for anodic and cathode lines, respectively. From the intercept of these linear lines (vi), the apparent electron transfer rate constant kET was calculated to 1.65 s−1 following equation kET = (1-α)nFvi/RT. These results suggest that the oxidation mechanism of SY on GCE/ERGO-NiNPs involves two electrons and one proton [58]. This result is in good agreement with recent research thoroughly investigating the electrochemical oxidation pathway of SY by using theoretical calculations and spectro-electrochemical analyses [59]; our previous studies were also based on using GCE/ERGO-modified electrodes [55]. Hence, the electrochemical oxidation mechanism of SY onto GCE/ERGO-NiNPs was proposed thorough two consecutive electro-transfer processes separated by a chemical deprotonation (denoted as an E1CE2 mechanism) (Scheme 1). Normally, it is expected that the oxidation potential of a second electron be higher than the first one. However, in this case, only one peak could be observed by CV measurement. In fact, the second electron transfer process comes from proton release from –OH group that could does not increase the oxidation potential with respect to the first electron transfer.




3.3. Optimisation of DPV Parameters for SY Detection


The DPV parameters were systematically examined in 0.5 uM SY in acetate buffer (pH = 4) for an accumulation time of 2 min at 0 V/ECS. The result demonstrates that DPV responses could be obtained with the following optimized parameters: a scan rate v of 20 mV s−1, step potential of 6 mV, step width of 300 ms, pulse amplitude of 30 mV, pulse width of 120 ms and integration time of 60 ms (see Electronic Supporting Information Figures S5–S7). Since the electrochemical process implies the adsorption of SY onto the GCE/ERGO-NiNP surface, it is interesting to consider the effect of accumulation time on potential accumulation. The SY signals were significantly increased in the first two minutes, and slightly improved for further accumulation times (see Electronic Supporting Information Figure S8). This result indicates that GCE/ERGO-NiNPs display a high adsorption capacity. Considering sensitivity and measuring duration, a 2 min accumulation time is acceptable as it leads to a good SY response. The influence of the accumulation potential value is also examined. The result shows that the SY DPV response is almost independent of accumulation potential. Thus, an accumulation potential of 0V/ECS is used for further measurements.




3.4. SY Detection Using GCE/ERGO-NiNPs Electrode


DPV measurements using GCE/ERGO-NiNPs electrodes were carried out at different SY concentrations from 10–1000 nM (Figure 7A). The plot of SY response versus concentration represents a linear variation following the equation Ip (uA) = (0.0066 ± 0.0001) × C (nM)–(0.031 ± 0.014) (R2 = 0.996) (Figure 7B). The limit of detection (LOD) was calculated to be 3.7 nM from linear regression in a limited range from 20–200 nM following Equation (9) [60].


LOD = 3 × Sy/b



(9)




where Sy represents the standard deviation of the response, and b is the slope of the calibration curve for a limited range from 10–200 nM.



The performance of this sensor is compared with some of the recent reported electrodes for SY quantification (see Table 1). It suggests that the GCE/ERGO-NiNP sensor exhibits good performance with a low LOD and a high sensitivity of 7 µA/µM with respect to other modified electrodes such as GCE/ERGO-AuNPs (1.5 µA/µM), GCE/ZnO-cysteic acid (2.4 µA/µM), and GCE/GO-MWCNT (0.63 µA/µM).




3.5. Stability and Anti-Interference Ability


The reliability of the GCE/ERGO-NiNPs is evaluated from repetitive DPV measurements (n = 10) in acetate buffer pH 4 + 0.5 µM SY (see Electronic Supporting Information Figure S9A). The Relative Standard Deviation (RSD) value, calculated at 1.08%, indicates the excellent repeatability of the modified electrodes. This electrochemical sensor was maintained in pH 4 buffer for stability measurements. The DPV measurements show almost no change in the SY response after 24 h. The signal current was decreased at 70% after 48 h (see Electronic Supporting Information Figure S9B). The result shows that modified electrodes exhibit acceptable stability within 2 days. Nevertheless, this sensor could be efficiently reused after the cleaning process by a simple cycling potential in 0.5 M H2SO4 (five cycles) solution. The response of the sensor exhibits no significant change below 5% after five repetitive detection/cleaning cycles, suggesting high reusability (see Electronic Supporting Information Figure S9C). Selectivity is also an important characteristic for a sensor; the anti-interference ability of the electrochemical sensor has been evaluated for 0.5 µM SY acetate buffer with the addition of some potential conventional additives in soft drinks. The result demonstrates that 100-fold concentrations of glucose, sodium citrate and acid ascorbic, KCl, NaCl, CaCl2, do not result in a significant change to SY response (below 5%), indicating a good selectivity of this sensor toward these interferents (see Electronic Supporting Information Figure S9D).




3.6. Practical Application


The analytical applicability of the GCE/ERGO-NiNP sensor is examined for SY determination in drink samples collected from a local market. A small volume of each drink (7 µL of Mirinda, 35 uL of Samurai, 70 µL of Number 1 and 35 µL of Sting) was spiked in acetate buffer at pH 4 (7 mL). DPV measurements were typically displayed for determining the SY concentration in the Mirinda sample (Figure 8). In fact, the DPV of diluted samples in buffer using GCE/ERGO-Ni exhibited a characteristic peak at 0.74 V/SCE of SY compound. After adding SY standard solution, the identified peak current is considerably increased, indicating the detection of SY in the sample. The accuracy of this assay is evaluated by the standard addition method. All analytical results were presented in Table 2. The obtained recovery values, varying between 91.8 ÷ 108.3%, are satisfactory. Each sample is determined three times, leading to RSD values lower than 6.48%, indicating the good precision of the method. Finally, SY concentrations in the same soft drinks were also controlled comparatively, using HPLC measurements as described elsewhere [55]. The results obtained were compared between HPLC and those from our sensors, and were in extremely good agreement with a very small deviation, below 6.4%, indicating that GCE/ERGO-NiNP-modified surfaces represent a very promising platform with low costs, simple preparation and good accuracy for sensing applications.





4. Conclusions


A novel and highly sensitive sensor based on ERGO/NiNP nanocomposite material-modified electrodes was developed for SY determination. The method, using cyclic voltammetry techniques, is a particularly robust process. Starting from low-cost graphene oxide and nickel salt materials, a repetitive cyclic potential scan rapidly leads to the deposition of ERGO/NiNP nanocomposites onto the GCE surface, ready to use for sensing applications. The FE-SEM images confirm a homogeneous deposition of nickel and ERGO nanostructured materials, in which nickel nanoparticles present a very uniform distribution with an average size of 20–30 nm into the ERGO matrix. The ERGO-NiNP-modified surfaces exhibit remarkably high performance for SY detection with a low detection limit of 3.7 nM and high sensitivity of 7 µA/µM, which matched the HPLC probed value with low relative error. The prepared GCE/ERGO-NiNP sensor could be cleaned and reused for multi-measurements even in real samples. This work demonstrated that electrochemical techniques present an efficient route for the fabrication of graphene/metal nanocomposite materials. This ERGO-NiNP nanocomposite presents great potential for developing reliable and portable sensors for on-site monitoring of toxics in food and the environment.
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Figure 1. Ten repetitive CVs at the scan rate v = 50 mV s−1 at GCE electrode in 0.1 M LiClO4 electrolyte solution containing (A) GO and (B) GO + 0.5 mM NiCl2. 
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Figure 2. FE-SEM images of nanomaterials electrodeposited onto ITO surface using 10 successive CV scans: (A) ERGO film; (B,C) ERGO-NiNP film at different magnifications. 
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Figure 3. CVs at the scan rate at 50 mV s−1) of GCE/ERGO and GCE/ERGO-NiNP-modified electrodes in 1 mM K3Fe(CN)6/K4Fe(CN)6. + 0.1 M KCl solution. 
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Figure 4. (A) CVs at the scan rate v = 50 mV s−1 in acetate buffer pH 4 + 10 µM SY and (B) DPVs in pH 4 + 500 nM SY. DPVs parameters: accumulation time of 30 s, potential accumulation of 0 V/SCE, step potential of 6 mV, step width of 300 ms, pulse amplitude of 30 mV, pulse width of 120 ms, integration time of 60 ms. GCE (black), GCE/ERGO (red) and GCE/ERGO-NiNPs (blue). 
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Figure 5. (A) CVs at the scan rate v = 50 mV s−1 at GCE/ERGO-NiNP surface of 10 µM SY in buffer solution with different pH values: pH = 3 (black), pH = 4 (red), pH = 5 (green), pH = 6 (blue), pH = 7 (cyan), pH = 8 (magenta). (B) Linear variation of anodic peak potential toward the pH value. 
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Figure 6. (A) CVs on GCE/ERGO-NiNP surface of SY 10 µM in pH 4 acetate buffer at various scan rates v in the range of 0.02–1.0 V s−1, (B) Variation of the anodic and cathodic peak currents as a function of the scan rate, (C) Variation of the anodic and cathodic potentials as a function of logarithm of the scan rate ln(v/V s−1). 
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Scheme 1. Proposed mechanism for electrochemical oxidation of SY onto GCE/ERGO-NiNPs following an E1CE2 mechanism. 
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Figure 7. (A) DPV responses of GCE/ERGO-NiNP-modified electrode in acetate buffer pH 4 with varying SY concentrations from 10–1000 nM, namely 10, 20, 50, 100, 200, 350, 500, 700 and 1000 nM. (B) Plots of SY response versus SY concentration. Optimised DPV conditions: accumulation times of 2 min at 0 V/ECS, scan rate v = 20 mV s–1, Es = 6 mV, ts = 300 ms, Ep = 30 mV, tp = 120 ms and Idt = 60 ms. 
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Figure 8. Typical DPV responses of the GCE/ERGO-NiNPs for SY detection in Mirinda: acetate buffer pH 4 (black), addition of 7 uL Mirinda sample (red), addition of 100 nM SY (green). 
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Table 1. Performance of different modified electrodes for SY determination.
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	Electrode
	Linear Range (nM)
	LOD (nM)
	Reference





	GCE/ZnO-cysteic acid
	100–3000
	30
	[61]



	GCE/GO-MWCNT
	90–8000
	25
	[62]



	GCE/poly(L-cysteine)-Ag
	100–10.000
	50
	[63]



	GCE/ERGO-AuNPs
	2–110.000
	2
	[27]



	GCE/GN-Ni
	7.4–442
	2.2
	[64]



	GCE/GN-CTAB-Pt
	80–10.000
	4.2
	[21]



	GCE/rGO/Au-Pd
	686–331.000
	1.5
	[30]



	GCE/ERGO-NiNPs
	10–1.000
	3.7
	This work







GCE: glassy carbon electrode, GN: graphene, MWCNT: multi-wall carbon nanotube, ERGO: electrochemically reduced graphene oxide, GO: graphene oxide, rGO: reduced graphene oxide, CTAB: cetyltrimethylammonium bromide.
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Table 2. SY detection in soft drink samples using the electrochemical sensor and HPLC methods.
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Sample

	
Added (nM)

	
Expected (nM)

	
Found (nM)

	
RSD (%) (n = 3)

	
Recovery (%)

	
By HPLC (nM)

	
Relative Error (%)






	
Mirinda

	

	

	
127.8

	
2.50

	

	
127.6

	
0.2




	
100

	
227.6

	
235.4

	
3.85

	
103.3

	

	




	
Samurai

	

	

	
120.5

	
4.45

	

	
128.8

	
−6.4




	
100

	
228.8

	
229.3

	
4.03

	
100.2

	

	




	
Number 1

	

	

	
111.2

	
5.84

	

	
109.40

	
1.6




	
100

	
211.2

	
228.9

	
6.48

	
108.4

	

	




	
Sting

	

	

	
86.4

	
3.93

	

	
90.00

	
−6.1




	
100

	
186.4

	
171.1

	
4.10

	
91.8
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