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Abstract

:

Nanostructured nickel on porous carbon-silica matrix (N-CS) has been synthesized using a sol gel process and subsequent pyrolysis treatment at a temperature of 650 °C. The morphology and microstructure of the N-CS sample has been investigated using XRD (X-ray Diffraction), SEM-EDS (Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy), and BET (Brunauer-Emmett-Teller) analysis. The synthesized nanocomposite has been used for developing NCS-modified screen-printed electrodes (NCS-SPCEs) and was applied in the electrochemical monitoring of glucose. After electrochemical activation, via cycling the modified electrode in a potential window from 0 to 0.8 V in 0.1 M KOH solution, the fabricated NCS-SPCEs electrodes were evaluated for the voltammetric and amperometric determination of glucose. The developed sensors showed good sensing performance towards glucose, displaying a sensitivity of 585 µA/mM cm−1 in the linear range from 0.05 to 1.5 mM, a detection limit lower than 30 µM with excellent selectivity.
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1. Introduction


In recent years, materials, processes, and technologies at the nanoscale level have opened new possibilities for the development of novel electrochemical sensors. For example, nanoscale sized materials have been extensively proposed to promote electrocatalytic reactions that are involved in the electrochemical sensing of numerous analytes of practical interests over modified electrodes. Among these analytes, glucose quantification assumes a great importance for clinical diagnosis, food analysis, personal care, and control of industrial bioprocesses [1,2,3,4,5,6,7,8,9,10,11]. Enzyme-based electrochemical glucose sensors are very good at meeting the requirements of good selectivity and sensitivity required by these applications, but the drawbacks arising from their thermal/chemical instabilities and the complex fabrication procedures limit their further progress [4,5,6]. These drawbacks have stimulated intensive research efforts aimed at the development of non-enzymatic electrochemical glucose sensors [7,8,9,10,11].



The sensing mechanism of non-enzymatic glucose sensors is based on the direct oxidation of glucose, where the key factor is the electrocatalytic activity of the electrode material, which affects their sensitivity and the selectivity [12]. Among several electrocatalysts so far proposed, Ni-based materials still remain the most promising candidates. The electrocatalytic effect of Ni-based sensors generally relies on the Ni2+/Ni3+ redox couple that result from the Ni(OH)2/NiOOH system formed on the working electrode surface in alkaline media [13,14]. Compared to bulk material, nanostructured forms of Ni-based materials, such as Ni nanowire arrays [15], NiO hollow microspheres [16], Ni(OH)2 nanoplates [17], and Ni nanoparticles [18] are proven to allow the development of high sensitivity glucose sensors.



To enhance the dispersion of Ni nanoparticles and ensure longer stability, Ni nanoparticles are generally dispersed on suitable substrates. As a proof of the effectiveness of this procedure, a variety of Ni nanoparticles dispersed onto metal oxides or conductive carbon matrix, such as graphene and carbon nanotubes, recently received great attention for glucose sensing [19,20,21,22,23]. Porous carbon has also attracted extensive research interest because of its stable chemical properties, high electrical conductivity, and low cost [24,25]. In addition, the simple large scale synthesis of porous carbon has favored its wide use as an electrode material in analytical applications [26]. Therefore, the simple synthesis of suitable metal oxide electrocatalysts directly incorporated into porous carbons open new opportunities for the practical developing of electrochemical sensors.



In previous research work we reported the electrocatalytic characteristics of novel composite material based on Ni nanoparticles incorporated in a porous carbon matrix. The influence of Ni loading into the carbon matrix has been investigated. The sensor based on 30 wt % Ni loaded carbon showed the best electrochemical performance towards glucose oxidation in alkaline media. The improved electrocatalytic behavior was ascribed to a compromise between the quantity and dispersion of nickel particles in the carbon matrix [27].



In order to favor further the dispersion of the catalyst phase, thus helping in reducing further its load, carbon-silica (CS) matrix has been used as a support. Metal catalysts supported on CS have shown superior catalytic activity and stability compared to metal catalysts/carbon systems [28,29]. The CS support joint the advantages of both the organic carbon constituent, such as flexibility and versatility for further functionalization, and of the inorganic silica component, such as hydrophilicity, good thermal and mechanical properties, and high stability. Here, the excellent electrochemical performance towards glucose oxidation in alkaline media of nickel incorporated in a porous carbon-silica matrix (N-CS) have been reported and discussed.




2. Experimental


2.1. Synthesis of the Porous Carbon Composite


First, the pure NiO and SiO2 nanoparticles were prepared using the sol–gel process. NiO nanoparticles were synthesized by using the nickel(II) chloride (NiCl2·6H2O) precursor dissolved in methanol. After 15 min of magnetic stirring at room temperature, the solution was placed in an autoclave and dried in a supercritical condition of ethyl alcohol (Tc = 250 °C, Pc = 7 MPa) to extract the solvent. The obtained aerogel was annealed at 500 °C in air for 2 h. The same protocol was used to synthetize the SiO2 using a sol–gel process using the (tetra-ethyl-ortho-silicate) Si(C2H5O)4 precursor in methanol and mixed by magnetic stirring at room temperature for 15 min. Then, the obtained solution was placed in an autoclave and dried in a supercritical condition of ethyl alcohol (Tc = 250 °C, Pc = 7 MPa).



The synthesis of the N-CS composite was accomplished in three steps. In the first one, organic wet gel was prepared by mixing 15 mL formaldehyde (F) with dissolved 6.3 g pyrogallol (P) in a 30 mL water (W) solution, using 0.022 g picric acid (PA) as a catalyst and 0.5 g NiO and 10 g SiO2 as incorporated elements with a weight ratio of Ni/C of 0.01 and Si/C of 0.2. In the second step, the obtained wet gel was dried in humid atmosphere at 50 °C for 2 weeks. To obtain a structured xerogel, the sample was transferred to an incubator and dried at 150 °C at a heating rate of 10 °C/day. The drying temperature was then maintained for two days. The sample was then heated up to 650 °C in nitrogen, with a heating rate of 5 °C/min, and this temperature was finally maintained for 2 h. After that, the samples were cooled naturally.



For the preparation of the modified sensor, 5 mg of N-CS composite was dispersed in 1 mL of double-distilled water then sonicated until homogenous black suspensions were obtained. The commercial screen-printed carbon electrodes (SPCEs), purchased from DropSens, Llanera (Asturias) Spain, consists of a planar substrate equipped with a 4 mm in diameter (0.125 cm2) carbon working electrode, a carbon counter electrode, and a silver pseudo-reference electrode. The working electrode was modified using a wet impregnation method, casting different amounts (2.5–20 µL) of above suspension on its surface, then allowed to dry at room temperature.




2.2. Characterization and Electrochemical Tests


The crystalline structure of synthesized materials was investigated using X-ray powder diffraction (XRD) by means of a Bruker D8 Advance A 25 X-ray diffractometer operating at 40 kV and in the range 10–80° (2θ), with an increasing rate of 0.01°/s. The morphology of N-CS fresh and used samples was observed using FEI Quanta 450 instrument. BET surface area and porosity of the samples were evaluated by nitrogen adsorption and desorption isotherms carried out at 77 K by a Quantachrome® ASiQwin™ instrument (Anton Paar Companies, Graz, Austria).



Electrochemical experiments were performed with a DropSens µStat 400 potentiostat/galvanostat. The electrochemical behavior of different prepared sensors was investigated by cyclic voltammetry (CV) in a 0.1 M KOH solution in the range of potential 0–0.8 V, in the presence and absence of glucose and at a scan rate of 50 mVs−1. The sensing performances of the developed sensor was investigated via chronoamperometric measurements in 0.1 MKOH, recording the current at a fixed optimal potential during successive additions of glucose.





3. Results and Discussion


3.1. Characterization of the N-CS Composite


The structure and morphology of the as-prepared N-CS composite powder and after electrochemical activation on SPCE were investigated using XRD, SEM and EDS analysis. Figure 1a shows the XRD spectra of the N-CS powder where three distinct reflection peaks at 44°, 51°, and 76°, matching with the (111), (200), (220) planes of metallic nickel (JCPDS 04-0850), can be observed. Metallic Ni comes from the reduction of NiO nanoparticles during the pyrolysis treatment in inert atmosphere [27]. The crystallite size of metallic nickel, calculated using Sherrer’s equation from the full width at half maximum intensity (FWHM) measured on the (111) diffraction peak, was about 32 nm. The broad peak centered at about 22° can be ascribed to the combination of both amorphous carbon and SiO2 phases [30]. Unlike nickel, the absence of metallic silicon diffraction peaks suggests that the pyrolysis treatment did not lead to reduction of SiO2.



BET surface area and porosity of the samples were evaluated using nitrogen adsorption and desorption isotherms carried out at 77 K. Through the BJH (Barret-Joyner-Halenda) method, the high surface area (SA = 163 m2/g), pore volume of 1.55 cc/g, and pore diameter of 1.425 nm, of the as prepared nanocomposite N-CS sample was revealed.



Figure 1b shows the morphology of the as-prepared N-CS composite, where the uniform porous structure was observed to cover the bare electrode surface (see inset). Using EDS analysis (Figure 1c), the composition of the material was: 26.82 wt % C, 25.36 wt % Si, 1.1 wt % Ni, and 46.72 wt % O. Figure 1d shows the morphology of the N-CS composite modified SPCE after the electrochemical activation as discussed below. As observed, the N-CS composite film showed a more rough and porous surface, likely due to the growth of nickel oxy-hydroxide structures.




3.2. Cyclic Voltammetry Activation of Ni Nanoparticles


Electrochemical behavior of the modified SPC electrode with N-CS was investigated using CV. First, the electrode was cycled in a 0.1 M KOH solution in the potential window 0–0.8 V at 50 mVs−1, until a stable signal was obtained (Figure 2). During the first cycle, only a strong increase of the anodic current with onset potential at about 0.5 V, which can be attributed to the oxygen evolution reaction, was noted. During the first ten cycles, it was observed that the appearance of an oxidation peak, which after the 10th cycle, remained located around 0.55–0.6 V. A broad reduction peak, initially at 0.5 V and moving towards more negative potentials while increasing in intensity as the number of cycles increased, was also seen to compose a redox couple. The position, separation, and shape of these oxidation and reduction peaks, which are ascribed to the growth of different nickel oxide-hydroxide species, have been demonstrated to be related to the experimental conditions during the electrochemical treatment [31].



Furthermore, the current of the redox peaks increased cycle by cycle reaching an equilibrium after about 60–70 cycles without showing noticeable modification of the shape of the voltammogram with further cycles. A similar result was observed in previous works, showing that continuous dynamic cycling of a nickel-based electrode in alkaline solutions induced the growth of hydrous oxide species on nickel surface [31,32,33]. In order to understand the evolution of the electrode during voltammetric cycling in an alkaline solution, it is necessary to refer to the possible reaction occurring for nickel. The starting condition for nickel in a N-CS composite after pyrolysis treatment can be: (i) the metallic phase Ni(0) due to the thermal reduction in absence of oxygen as confirmed by XRD, or (ii) nickel hydroxide Ni(OH)2 as an effect of oxidation of Ni(0) by atmospheric exposure. Furthermore, when the electrode was dipped in the 0.1 M KOH solution, a Ni hydroxide layer was instantaneously formed on the surface of the Ni particles according to Equation (1). This was because, in strong alkaline solution, the Ni(OH)2 phase was stable at potentials more positive than −0.4 V [34].


Ni + 2OH− ⇌ Ni(OH)2 + 2e−



(1)






Ni(OH)2 + OH− ⇌ NiOOH + H2O + e−



(2)







During the successive cycles, the Ni(OH)2 phase was further oxidized to oxy-hydroxides NiOOH species according to Equation (2). The achievement of an equilibrium after a certain number of cycles suggested that the formation of this new oxy-hydroxide species involved the entire bulk of the nickel particles. Observing the CV cycle after its complete stabilization, the cathodic peak appears to be constituted by the convolution of two reduction peaks. This could be due to the reduction of two different species γ-NiOOH and β-NiOOH, respectively [35], which could be formed by direct oxidation of the α-Ni(OH)2 phase or the β-Ni(OH)2 phase deriving from the first one in agreement to the Bode scheme [36] as described by Equations (3) and (4) below:


 α-Ni(OH)2 + OH−⇌γ-NiOOH + H2O + e− ↓↑



(3)






β-Ni(OH)2 + OH−⇌β-NiOOH + H2O + e−



(4)








3.3. Electrochemical Oxidation of Glucose on N-CS/SPCE


Electrochemical activity of glucose at bare SPCE and a modified electrode was investigated using cyclic voltammetry (Figure 3). Bare SPCE did not show any redox peak in the absence or presence of 1 mM glucose in a 0.1 M KOH solution (dot lines in Figure 3a). Modified N-CS/SPCE, after its activation, showed a large electrochemical activity also in a blank 0.1 M KOH solution according to the redox behavior of nickel phase as above discussed. In the presence of 1 mM of glucose in a 0.1 M KOH solution, the anodic peak was higher than in its absence while the reduction was decreased (solid lines Figure 3a). The most accepted mechanism [13,14,37] suggests that the increase of the anodic peak is due to the oxidation of glucose mediated by the NiOOH species, which are then consumed by the electrochemical oxidation of glucose to glucolactone according to Equation (5):


NiOOH + glucose ⇌ Ni(OH)2 + glucolactone + e−



(5)







With the aim to develop an electrochemical sensor for glucose monitoring, the modification of the electrode was optimized. In Figure 3b are reported the anodic peak currents recorded in the presence of 1 mM glucose, subtracted off the related background peak current in blank 0.1 M KOH, for different modified electrodes prepared by casting different amount of N-CS composite on their surface. The error bars were calculated on three different series of prepared electrodes. By increasing the volume of the N-CS suspension casted on the working electrode surface, the response to glucose monotonically increased up to 20 µL. The further increase in the quantity of active material deposited on the electrode led to a poor reproducibility of the sensor response. This could be due to the formation of a mechanically unstable thick film, with successive leached from the electrode surface when immersed in solution. Therefore, the electrode modified with 20 µL of active material suspension was used for the subsequent tests.



Figure 3c,d shows CV curves recorded for different concentration of glucose between 0 to 5 mM and the related calibration curves for oxidation and reduction peaks, respectively. During a forward scan from 0 to 0.8 V, the anodic peak current increased while it slightly shifted to a higher potential with the glucose concentration. The reason for the peak potential shift has been ascribed to a prolonged oxidation cycle and/or a gradual change in local pH of the electrode surface [38]. A further anodic peak was also observed during the reverse sweep of the potential, suggesting that the catalytic oxidation of glucose was also evident on the cathodic scan.



This process, well observable in the presence of high concentration of glucose, as highlighted in the inset of Figure 3c, could be due to further glucose oxidation on the regenerated NiOOH sites after the first glucose oxidation process [39]. On the other hand, the cathodic peak decreased with an increase of glucose concentration as an effect of the consumption of NiOOH species induced by the oxidation of glucose [16].



In order to explore the mass transfer phenomenon for N-CS modified SPCE, CV was performed at different scan rates (v) ranging from 10 to 100 mVs−1 in blank 0.1 M KOH and in the presence of 1 mM glucose. As shown in Figure 4a,b and in the related insets, both oxidation and reduction peaks increased linearly with the square root of the scan rate. These observations revealed that NiOOH formation and its reduction steps, as well as the oxidation of glucose, were diffusion-controlled processes [40]. This means that the adsorption and reaction steps of the electroactive species were faster than their diffusion to, or away from, the electrode surface.




3.4. Amperometric Response of the N-CS/SPCE Towards Glucose


To optimize the amperometric response of N-CS/SPCE to glucose, chronoamperometric experiments were carried out at different applied potentials around the oxidation peak position as observed by CV analysis. Figure 5a,b shows the amperometric responses of the electrode to four successive injections of 0.5 mM glucose at various applied potentials from 0.5 to 0.7 V and the related calibration curves. At an applied potential of 0.5 V, the sensor was almost insensitive, showing a very poor response during the additions of glucose. At higher applied potentials the sensors showed enhanced amperometic responses with the highest sensitivity at the potential of 0.6 V. Further increase of the applied potential led to a decrease of the sensitivity until it was again almost insensitive to glucose at 0.7 V. This can be due to the interfering effect of electroactive species coming from water splitting and/or by-products generated by glucose oxidation. Therefore, the applied potential of 0.6 V was selected as the optimum applied potential for the subsequent experiments.



Figure 6 shows the chronoamperometric response recorded at the optimum potential of 0.6V for successive additions of glucose from 0.05 to 5 mM. There is a linear relation between the current responses and glucose concentration in the range of 0.05 mM to 1.5 mM with a sensitivity of 584 µA·mM−1·cm−2, while saturation occurred for concentrations higher than 3 mM. The limit of detection of the sensor was calculated to be 0.03 mM using a calibration curve and considering the formula 3Sy/m, where Sy is the standard error of the y-intercept and m is the slope of calibration curve.



Table 1 compares the obtained result with those of similar sensors. Despite the lower quantity of nickel used in the formulation of the active material (1 wt % of Ni), the performances of the proposed N-CS/SPCE were comparable with other ones. Interestingly, the N-CS/SPCE showed an improved linear range and only slightly lower sensitivity than our previous sensor (PF/Ni30) having a high loading (30%) of nickel [27].



As silica is not electrochemically active, we believe that its main function is to disperse better nickel nanoparticles inside the carbon matrix. Thus, the good electrochemical activity of the N-CS composite in the electroxidation of glucose to glucolactone can be attributed to an enhanced catalyst-support interaction conferred by the hybrid carbon-silica nanostructure which ensured a better dispersion of nickel particles (Scheme 1).



Selectivity of the sensor was evaluated because, most often, selectivity determined the applicability of the sensor in real media. Usually, some other species, such as sucrose, mannose, fructose, uric acid (UA), dopamine (DA) and ascorbic acid (AC), co-exist with glucose in many real samples. Although, normal physiological levels of abovementioned substances are much lower than glucose, these species can potentially interfere with the electrochemical glucose measurement. Figure 7a shows the amperometric response of N-CS/SPCE based sensor during successive additions of 1 mM glucose, 0.1 mM ascorbic acid, 0.1 mM uric acid, 0.1 mM dopamine, and again 1 mM glucose in 0.1 M KOH at an applied potential of 0.6 V.



Reproducibility of the sensor was also evaluated recording the amperometric response to 1 mM glucose, during ten different measurements (Figure 7b). The results show an excellent reproducibility with a relative standard deviation (RDS) as low as 1.48%. Finally, the stability of the sensor, prepared about six months early, was evaluated using CV, cycling the sensor thirty times in the absence and presence of 0.5 mM glucose in 0.1 M KOH. The main difference has been observed on the shape of the voltammetric curve, however, almost the same oxidation current was observed in the presence of glucose similar to the as-prepared sensor.



This demonstrates that the determination of glucose by the reported sensor was not relevantly affected by the main electroactive molecules, and maintained stable characteristics in the long term; therefore, it may be suitable for glucose monitoring in real physiological samples.





4. Conclusions


Porous carbon-silica incorporated with nickel (N-CS) was successfully synthesized using a pyrolysis treatment of organic wet gels incorporated with NiO and SiO2 nanoparticles. XRD results confirmed the formation of a metallic Ni phase and the amorphous nature of carbon-silica matrix. Using SEM analysis, the morphology of the as-prepared N-CS composite showed a uniform porous structure that appeared more rough and porous after the electrochemical activation of the material on the screen-printed carbon electrode.



An electrochemical glucose sensor was prepared by modifying the surface of screen-printed carbon electrode by a simple drop casting method. The activation of the nickel was carried out using cyclic voltammetry in a 0.1 M KOH solution, cycling the modified electrode in a potential window from 0 to 0.8 V. The evolution of the CV cycle by cycle suggested the formation of an oxy-hydroxide species that involved the entire bulk of nickel present in the composite. Although the quantity of nickel in the composite was as low as 1 wt %, the developed sensor howed good sensing performance towards glucose monitoring with a sensitivity of 585 µA·mM−1·cm−1 in a linear range from 0.05 to 1.5 mM, a detection limit lower than 30 µM, and excellent selectivity. The good electrochemical performance of the N-CS composite can be ascribed to a high dispersion of nickel phase in the composite due to an enhanced catalyst–support interaction conferred by the hybrid nanostructure. This study demonstrates a new approach to prepare efficient electrocatalytic materials in which the amount of catalyst is greatly reduced while good sensing performance is still retained.
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Figure 1. (a) XRD spectra, (b) SEM image of as-prepared N-CS powder, (c) EDS spectra, and (d) SEM image of the N-CS composite modified SPCE after the electrochemical activation. Inset in Figure 1b shows the surface of bare SPCE. 
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Figure 2. Evolution of the CV curves with number of cycles of N-CS modified SPCE in 0.1 M KOH at a scan rate of 50 mVs−1. 
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Figure 3. (a) CVs of bare SPCE and N-CS-modified SPCE in the absence and presence of 1 mM glucose in 0.1 M KOH at a scan rate of 50 mVs−1. (b) Response to 1 mM glucose of N-CS modified SPCE as a function of different amounts of active material casted on a working electrode surface. (c) CVs of 20 µL N-CS modified SPCE for different concentration of glucose (0–5 mM) in 0.1 M KOH at a scan rate of 50 mVs−1; inset: highlighting of CV curves in the absence and presence of 5 mM glucose. (d) Behavior of anodic and cathodic peak currents as a function of glucose concentration. 
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Figure 4. CVs of 20 µL N-CS modified SPCE in the absence (a) and presence of 1 mM glucose (b) in 0.1 M KOH at different scan rates between 10 and 100 mVs−1; insets: plots of oxidation and reduction peak currents vs square root of scan rate (v1/2). 
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Figure 5. (a) Chronoamperometry of 20 µL N-CS/SPCE in 0.1 M KOH after successive additions of 0.5 mM glucose at different applied potentials and (b) corresponding calibration curves. 
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Figure 6. Chronoamperometry of 20 µL N-CS/SPCE in 0.1 M KOH after successive additions of glucose at an optimal applied potential of 0.6 V; inset shows the corresponding calibration curve. 
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Scheme 1. Schematic representation of the N-CS/SPCE fabrication, the surface of modified working electrode, and the sensing detection mechanism. 
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Figure 7. (a) Chronoamperometric response of 20 µL N-CS/SPCE in 0.1 M KOH at 0.6 V after successive additions of glucose and interfering molecules. (b) Reproducibility of response to 1 mM glucose in 0.1 M KOH. (c) Thirty cycles of CV in the absence and presence of 0.5 mM glucose in 0.1 mM KOH. 
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Table 1. Comparison of glucose performances of the N-CS/SPCE with the recently reported nickel-based non-enzymatic glucose sensors.
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	Electrode
	Sensitivity (µA·mM−1·cm−2)
	Linear Range (mM)
	Detection Limit (µM)
	Applied Voltage (V)
	Reference





	N-CS
	585
	0.05–1.5
	30
	0.6
	This work



	Ni/NiO-rGO
	1997
	--
	1.8
	0.55
	[6]



	PF/Ni30
	670
	0.05–0.5
	8
	0.6
	[27]



	Ni nanoparticles/CF
	420.4
	0.002–2.5
	1
	0.6
	[21]



	Ni(OH)2 nanosheet
	0.65 (µA·mM−1)
	0.25–39.26
	23
	0.55
	[1]
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