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Transition metal alloys are good candidate electrodes for non-enzymatic glucose sensors due to their low cost and high performance. In this work, we reported the controllable electrodeposition of CoNiCu alloy nanotubes electrodes using anodic aluminum oxide (AAO) as template. Uniform CoNiCu alloy arrays of nanotubes about 2 μm in length and 280 nm in diameter were obtained by optimizing the electrodeposition parameters. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) measurements indicated that the as-prepared alloy nanotubes arrays are composed of 64.7 wt% Co-19.4 wt% Ni-15.9 wt% Cu. Non-enzymatic glucose sensing measurements indicated that the CoNiCu nanotubes arrays possessed a low detection limit of 0.5 μM, a high sensitivity of 791 μA mM−1 cm−2 from 50 to 1,551 μM and 322 μA mM−1 cm−2 from 1,551 to 4,050 μM. Besides, they showed high reliability with the capacity of anti-jamming. Tafel plots showed that alloying brought higher exchange current density and faster reaction speed. The high performance should be due to the synergistic effect of Co, Ni, and Cu metal elements and high surface area of nanotubes arrays.
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INTRODUCTION

With the increasing demand in medical, food, and pharmaceutical industry, more attention has been paid to develop glucose sensors with high sensitivity, high stability, and low price (Yoo and Lee, 2010; Tian et al., 2014; Galant et al., 2015). Although traditional enzymatic glucose sensors have undergone three generations of development and possess high sensitivity and selectivity, they always suffer from the performance variation with environment and the degradation of enzyme activity (Katakis and Dominguez, 1995; Toghill and Compton, 2010). In recent years, non-enzymatic electrochemical glucose sensors based on the oxidation of glucose to gluconolactone on electrode surface arise as a promising candidate for glucose concentrations detection (Lu et al., 2009; Wang et al., 2012). Many non-enzymatic electrode materials have been developed including noble metal nanomaterials (Jena and Raj, 2006) and their alloy (Sun et al., 2015; Wang et al., 2018), transition metals and their alloys (Jafarian et al., 2008; Mu et al., 2011; Liu et al., 2017). Although noble metals exhibit fascinating properties, there are two main drawbacks: (i) The overall kinetics of glucose electrooxidation is too slow to produce a significant Faraday current; (ii) The activity of the noble electrode is strongly damaged by chloride ions and intermediates adsorbed on electrode surfaces (Tee et al., 2017). Also, noble metals are too expensive for mass production. The oxidation of glucose by transition metal electrode involves the electrontransfer mediation of the multivalentmetal redox couple which leads to better current response and has no fouling by adsorbed interference species. Hence, transition metal electrodes attract much attention for fabrication more active and cheaper non-enzymatic glucose sensors in recent years.

At present, more and more alloy research in glucose detection has replaced pure metal to improve the stability by forming bimetallic structure (Mahshid et al., 2013; Miao et al., 2013; Sheng et al., 2014; Vilana et al., 2015). Wang et al. (2008) synthesized three-dimensional PtPb alloy networks on Ti substrates to overcome the shortcomings of pure metal and significantly improved the performance. Gao et al. (2011) reported a PtNi alloy nanoparticle-Graphene electrode which had a high nanoparticle loading and effective reduction of graphene oxide. Li et al. (2015) studied a series of MCo (M = Cu, Fe, Ni, and Mn) alloy nanoparticles doped carbon nanofibers electrodes and explored the distinction of different alloy sensors. These alloys had higher electrocatalytic activities and stabilities compared with those of pure metals due to the synergistic effect (Luo and Kuwana, 1994; Li et al., 2015; Vilana et al., 2015). Transition metal-based alloy is a prospective direction and worthy of further study for low-cost and high-performance non-enzymatic glucose sensors. In different alloy systems, more attention was paid to cobalt material due to its excellent catalytic ability and chemical stability (Ding et al., 2010; Kung et al., 2011; Madhu et al., 2015; Shu et al., 2018). Unlike the transition metals such as nickel and copper, cobalt could form various oxidation states in alkaline conditions(Hwang et al., 2018).

On the other hand, since the non-enzymatic glucose sensing is based on the electrode surface, the morphology of electrode material will have a large effect on the performance of sensors. Therefore, nanoparticles, nanosheets, nanowires, and other nanomaterials were widely used in glucose sensors research to solve the problem of electrode surface saturated (Liu et al., 2014; Jiang et al., 2017; Zhang et al., 2017). However, some nanomaterials like particles need to be loaded onto other materials which cause interference current and complex production process (Jena and Raj, 2006). Attributed to large surface-to-volume ratio and ordered arrangement, more interest was focused on one-dimensional nanowires and nanotubes structures which was considered as the beneficial dimensionality for electrontransfer (Hu et al., 1999). In order to compare the difference in glucose detection, Li et al. (2014) used Pt-Pd as the electrodes material and demonstrated that nanotubes had a higher activity for glucose electro-oxidation. To the best of our knowledge, no studies concerning ternary transition alloy nanotubes have been reported for glucose sensor yet.

In this work, we fabricated well-aligned cobalt-based ternary alloy nanotubes by using the template-assisted potentiostatic electrodeposition method. The non-enzymatic glucose sensing performance of the alloy nanotubes was investigated. The cobalt-based ternary alloy nanotubes showed excellent performance with low detection limit, wide detection range, and high sensitivity.

EXPERIMENTAL SECTION

The anodic aluminum oxide (AAO) template with diameter of 280 nm was obtained from Top Membranes Technology Ltd. The source materials nickel sulfate hexahydrate, cobalt sulfate, copper sulfate pentahydrate, boric acid, sodium chloride, L-tyrosine, ascorbic acid, and dopamine hydrochloride were purchased from Shanghai Aladdin Biochemical Polytron Technologies Inc. Sodium citrate and ethanol were purchased from China National Pharmaceutical Group Corporation. All chemicals involved were of analytical grade and were used directly. Before the electrodeposition, a thin conductive layer of Au was sputtered onto one side of the AAO template as a working electrode in a three-electrode cell. A platinum sheet was used as the counter electrode and a saturated calomel electrode as the reference electrode. The deposition was carried out at room temperature with different DC voltages and time on a CHI 660C electrochemical working station (Shanghai Chenhua, China). For the ternary alloy deposition, water solution with 0.1 M CoSO4·7H2O, 0.2 M NiSO4·6H2O, 0.01 M CuSO4·5H2O, 0.4 M H3BO3, and 0.5 M Na3C6H5O7·2H2O were used as electrolyte. For comparison, the Co nanotubes arrays were deposited at −1.5 V voltage for 5 min using 0.1 M CoSO4·7H2O, 0.4 M H3BO3 water solution as electrolyte. After deposition, the AAO template containing the nanotubes was immersed in a 1 M NaOH solution to remove the template.

The phase composition of the prepared nanotubes was determined by X-ray Diffraction (XRD, D8 DISCOVER DAVINCI). The morphology and microstructure were characterized using field-emission scanning electron microscopy (SEM, SU8220) equipped with an energy dispersive X-ray spectroscopy (EDS). For glucose sensing performance measurement, the nanotubes arrays were transferred to an indium tin oxide (ITO) substrate with a nail polish covered the edge between the ITO and the nanotubes arrays. All of the electrodes were activated by 60 cyclic voltammetry (CV) cycles at a scanning rate of 30 mV s−1 in a 0.1 M NaOH solution, respectively, before the performance test. Subsequently, the nanotubes arrays were used for glucose test in the 0.1 M NaOH solution with a different concentration of glucose and 0.4 V was chosen as the working potential for the amperometric performance test. A platinum sheet was used as the counter electrode and an Ag/AgCl electrode as the reference electrode.

RESULTS AND DISCUSSIONS

Fabrication of Nanotubes Arrays

Although template-based electrochemical deposition is a well-accepted process to synthesize nanostructures, the morphology and component of the products could be largely affected by the deposition parameters like applied voltage and deposition time because of the diversity of electrochemical properties of different elements. In this work, we tuned the electrodeposition voltage and time to obtain high-quality alloy nanotubes arrays. The SEM images of products synthesized at −0.8, −1.0, and −1.2 V within different deposition time are shown in Figure 1. As shown in Figures 1A,B, the deposition rate is too slow to observe the product from the cross-section at the low deposition voltage −0.8 V within 1 h. Fortunately, extending the deposition time to 2 h, the short nanotubes arrays are obtained (Figure 1C). When the deposition voltage was increased to −1.0 V (Figures 1D–F), nanotubes are grown easily in a relatively short time. The wall of nanotubes become thicker with time prolonging (Figures 1D,E) and eventually, the nanotubes are filled and nanorods arrays are obtained (Figure 1F). When the deposition voltage increases to −1.2 V, nanotubes arrays can also be obtained in half hour (Figure 1G). But the wall of the nanotubes is even thicker than these deposited at −1.0 V for 1 h. So, extending the deposition time, only nanorods arrays can be obtained at a deposition voltage of −1.2 V (Figures 1H,I).
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FIGURE 1. SEM images of the products deposited at different potential and time. (A,B) cross-section image with AAO template. (C–I) products after removing the AAO template.



The possible growth process of alloy nanotubes is illustrated in Figure 2. Figure 2A is the cross-section of the AAO template. After spraying the gold as the working electrode, some gold particles are sprayed on the bottom wall of the AAO (Figure 2B). When deposition voltage applied, high charge density would form near the bottom wall of AAO around gold particles. Such a stronger electrochemical activity makes the alloy conducive to growth along the wall of AAO template (Figure 2C). As time goes on, the nanotubes become longer while the thickness increases (Figures 2D,E), and finally turn into nanorods (Figure 2F). Throughout the process, the influence of the electric field and adsorption energy on the growth of alloy exists which cause different growth priorities and results in the product morphology variation from nanotubes to nanorods (Li et al., 2009). At the initial stage of growth, the alloy grows along the wall of the AAO template, which may be because of the increased metal ion concentration around the wall of AAO template induced by surface absorption and the existence of conductive particles in tubes. Considering the narrow channel between electrolyte and cathode surface, the metal ion concentration around the AAO has a dominating effect in the initial electrodeposition process. These reasons make the growth of nanotubes more favorable in the early stage of deposition. But with the extension of time, the wall of nanotubes gets thicker gradually. The adsorption effect becomes weaker and the electric field effect is more prominent. The nanoparticles begin to stack inside the tubes until the product are completely filled. Besides, the increase of voltage is helpful to deposit. But the growth rate is too fast to control when the voltage is too high.
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FIGURE 2. Schematic diagram of the growth of alloy nanotubes. (A) section of AAO template, (B) section after spraying gold, (C–F) deposition process in template.



Thus, it is clear that the voltage and time play a critical role during the formation of nanotubes. We choose the deposition voltage of −1.0 V and deposition time for 1 h to do more detailed study after taking into account all the above-mentioned experimental condition. The morphology and composition of the nanotubes are shown in Figure 3. The high magnification of SEM observation (Figure 3A) reveals that well-aligned CoNiCu nanotubes are formed on the substrate face. The diameter of nanotubes is about 280 nm, indicating that the nanotubes grow along the wall. The average length of the nanotubes is about 2 μm from the cross-section image (Figure 3B). The result of EDS shown in Figure 3C confirms that the nanotubes are composed of 64.7 wt% Co-19.4 wt% Ni-15.9 wt% Cu. The Al, O, and Au peaks originate from the AAO temple. The crystal phase of CoNiCu nanotubes was further confirmed by XRD. The XRD patterns (Figure 3D) indicate that the nanotubes are of high crystallinity. The background interfering peaks are due to residual alumina, ITO, and Au. Furthermore, no peaks assigned to the pure metals are observed which reveals a ternary alloy was formed.
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FIGURE 3. CoNiCu nanotubes arrays with applied potential −1.0 V (A) dissolving the AAO template; (B) cross-section image embedded in AAO channels; (C) energy dispersive spectra of CoNiCu embedded in AAO channels; (D) XRD patterns of prepared nanotubes arrays transferred on ITO.



It is worth noting that the difference in deposition potential will be a problem to handle the composition. The standard electrode potentials for Co, Ni, Cu deposition are −0.277, −0.257, and 0.159 V, respectively. The more positive the potential is, the easier the metal ions are to reduce. It is clear that the reduction of copper is most likely to occur. If not controlled, copper will grow more rapid and desired cobalt-based alloy cannot form. And what's worse is, anomalous phenomena occur when it is a co-precipitation of a mixed metal ions system and the growth rate of cobalt is much faster than nickel at low current density typically (Fan and Piron, 1996). So we set the mole concentration of the solution to Co: Ni: Cu = 10: 20: 1. Besides, sodium citrate, as the complex metal ion, is used to guarantee the similar precipitation potential of Co2+, Ni2+, and Cu2+ to get controllable components. As a result, uniform CoNiCu alloy nanotubes arrays were obtained at a deposition voltage of −1.0 V for 1 h and were used as electrodes for glucose sensing characterization.

Glucose Sensing Performance Characterization

Cyclic voltammetry is used to activate the electrode and test the reaction response between the electrode and glucose solution. After carried the cyclic voltammetry reaction at a scanning rate of 30 mV s−1 in a 0.1 M NaOH solution, the alloy electrode surface is activated. The reaction corresponding to the peak value of cyclic voltammetric curve is deduced in Figure 4A. During oxidation, metals are first oxidized to divalent and oxidized to trivalent follow. Ni3+ and Cu3+ show good chemical stability but Co3+ is further oxidized into CoO2 at higher potential (Liang et al., 2006; Hu et al., 2009).
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FIGURE 4. (A) Activated CoNiCu electrode in 0.1 M NaOH by CV for multiple cycles; (B) CVs of activated CoNiCu electrode in 0.1 M NaOH + different glucose concentrations.



The possible electrochemical reaction is as follows (Wang et al., 2013; Zhang et al., 2017):
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A comparative study of electrochemical response on the CoNiCu electrocatalytic performance of different glucose concentrations was conducted in 0.1 M NaOH solution from −1.3 to +1.0 V (Figure 4B). With the increase of glucose concentration, the peak current of the alloy electrode varied strongly accompanied by the increase of oxidation current and the decrease of reduction current, demonstrating that the electrode could achieve efficient electrooxidation of glucose. Comparing with the cyclic voltammetric curve of the CoNiCu alloy electrode, the changed electrocatalytic current of alloy electrode indicates that the following reactions occurred:
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Figure 5 shows the schematic illustration of glucose reaction on the CoNiCu nanotubes array under electrochemical condition. According to the “Incipient Hydrous Oxide Adatom Mediator” model Burke proposed (Burke, 1994; Rahman et al., 2010), the metal could be oxidized to MII(OH)2 and following MIIIOOH or MIVO2 in an alkaline solution. When glucose is added, it is oxidized to gluconolactone by MIIIOOH or MIVO2. As a result, CV oxidation peak current increases and reduction current decreases. Different response currents result from different metal elements electrodes and solution environment. The high surface-to-volume ratio and good electron transfer channel of the nanotubes array largely enhanced the electrocatalytic reaction. So, the CoNiCu alloy nanotubes array could be an excellent glucose sensor electrode.
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FIGURE 5. Schematic representation of the glucose electrocatalytic reaction on CoNiCu nanotubes array.



Kinetic study of reaction process is based on the effect of the potential scanning rate in a 0.1 M NaOH solution containing 0.3 mM glucose (Figure 6). The result shown in Figure 6A displays that the reduction potential shifts negatively and the oxidation potential shifts positively with the increase of scanning speed. Besides, both the anodic and cathodic peak current increase with the scanning rate from 10 to 110 mV s−1. There are good relationships between the peak currents and the square root of the scanning rate (Figure 6B). This indicates that it is a diffusion-controlled process on the electrode. The rate of the whole reaction depends on the diffusion process of the ions from the solution to the surface of the electrode. To further investigate the difference after alloying, Co nanotubes electrode was prepared for a comparison. The oxidation peak of Co electrode is at about 0.3 V which is similar to CoNiCu electrode. However, according to existing reports, the anodic peak of the anodic peak of Ni electrode is at about 0.45 V, while that of Cu at about 0.4 V (Lu et al., 2009; Luo et al., 2012). Alloying did not increase the peak position of oxidation. Besides, since Co reacts more preferentially at 0.3 V, electrons could transfer from Ni/Cu to supplement and promote the oxidation of glucose.
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FIGURE 6. (A) CVs of the CoNiCu electrodes in 0.1 M NaOH + 0.3 mM glucose at different scanning rates (10–110 mV s−1); (B) redox peak currents as a function of the square root of the scan rate.



To further understand the enhanced performance of CoNiCu nanotubes array, the Tafel plots of the Co nanotubes array, and CoNiCu nanotubes array were obtained in a 0.1 M NaOH with 0.3 M glucose (Figure 7). We draw tangents of the two curves at open circuit potential +60~120 mV to get the Tafel slope and exchange current density (i0). The Tafel slope of the CoNiCu nanotubes array is close to that of Co nanotubes array, which means they have similar overpotential and reaction activity. But a higher exchange current density i0 indicates a faster reaction speed of CoNiCu nanotubes array electrode. This might be because the alloying expands the lattice which causes the d-band state changing and increases the adsorption of the reactants. As a result, the reaction is promoted (Groß, 2006). This kind of synergistic effect of three different metals should large contribution to the excellent performance of the ternary alloy nanotubes.
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FIGURE 7. Tafel plots of Co and CoNiCu electrodes in 0.1 M NaOH + 0.3 mM glucose.



In order to quantitatively analyze the variation of sensor response current with the concentration glucose, the current is measured by continuously dropping glucose solution under a constant voltage. As can be seen from Figure 6A, there is a current peak near 0.3–0.6 V at the low scan rate. So we choose the potential of 0.4 V to do the amperometric test. Figure 8 shows the amperometric response of CoNiCu electrode with a successive addition of glucose to a 0.1 M NaOH solution. A low stirring rate (150 rpm) was used to accelerate mixing during the experiment. Inset of Figure 8A is the glucose response current curve at extremely low concentration. Although the noise current is very large, we could see an obvious trend of current rising at about 0.5 μM. In order to get a more accurate linear curve of current varying with glucose concentration, the linear experiment was started from 50 μM. As shown in Figure 8A, once injected the glucose to the solution, the current responded immediately and it was stable in <5 s. We also noticed that the noise current increases with the increase of concentration, which may have an impact on the current acquisition. But, throughout the testing process, the signal-to-noise(S/N) ratio of the collected current is still more than three times. By collecting the current in each stable state, relation of the current intensity on the different glucose concentrations is displayed in Figure 8B. The electrode has a low detection limit (0.5 μM) and two-segment linear regions with a high sensitivity of 791 μA mM−1 cm−2 from 50 to 1,551 μM and 322 μA mM−1 cm−2 from 1,551 to 4,050 μM. Such a good performance may be attributed to the large surface area of the well-aligned nanotubes structure which provides more sites for the redox reaction. Transition metals with excellent electrical conductivity could also offer good charge transmission channels. The performance of CoNiCu nanotubes array was compared with other Co-based alloys glucose sensors reported previously. As listed in Table 1, CoNiCu nanotubes arrays exhibit ultrahigh sensitivity, low limit of detection (LOD), and wide linear range. In addition, the operating potential of CoNiCu nanotubes arrays is lower than others. Low voltage will reduce the response current, but it is more energy efficient in actual use and avoids the influence of possible intermediates which is also a development trend for non-enzymatic glucose sensors (Sun et al., 2015).
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FIGURE 8. (A) Amperometric response of CoNiCu electrode with a successive addition of glucose from 0.05 to 6 mM at 0.4 V. Inset: a successive addition of glucose from 0.5 to 11 μM; (B) the linear correlation between the concentration and response current of CoNiCu electrode.




Table 1. Comparison of Co-based ternary alloy non-enzymatic glucose sensors.
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Biosensors are eventually used in complex organisms which contain complicated electroactive species such as ascorbic acid (AA), dopamine (DA), L-tyrosine, and sodium chloride (NaCl). Normally, a transition metal-based electrode could also oxidize part of small organic molecules after the formation of MIIIOOH, making the interferential response hard to be avoided (Fleischmann et al., 1972). The selectivity is one of the important criteria for judging whether a sensor is qualified. According to the normal physiological level, the selectivity of CoNiCu nanotubes array electrode was investigated by a successive addition of glucose, 0.017 mM AA, 0.017 mM DA, 0.017 mM L-tyrosine, and 0.05 mM NaCl, separately. As shown in Figure 9, the negligible interferential signal occurs which prove that the CoNiCu nanotubes array has good glucose selectivity. The high sensitivity, LOD, wide linear range, high selectivity, and the relative low price of the CoNiCu alloy nanotubes arrays indicate that it could be a promising electrode material for high performance non-enzymatic glucose sensors.
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FIGURE 9. Amperometric response of CoNiCu electrode to a successive addition of glucose and interferences.



CONCLUSION

Uniform CoNiCu alloy nanotubes arrays were prepared using a template-assisted electrodeposition method. Deposition voltage and time are the key factors to control the morphology of the ternary alloy. The glucose sensing properties of CoNiCu alloy nanotubes arrays were systematically investigated. The non-enzymatic glucose sensors based on CoNiCu electrodes exhibit higher sensitivity, wider linear range, low operation potential, and high selectivity to glucose compared to those of reported single or binary alloy electrodes. Co is the active element of the CoNiCu alloy nanotubes array. The synergistic effect of the three metals leads to the high performance, which makes the CoNiCu alloy nanotubes array a promising electrode for non-enzymatic glucose sensors.
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