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A highly sensitive nonenzymetic electrochemical glucose sensor was developed by using a multicomponent sensing electrode made of nickel cobalt layered double hydroxide (NiCo-LDH) and cobalt copper carbonate hydroxide (CCCH) hierarchical nanostructure on Cu foam (NiCo-LDH/CCCH/CuF). The results of electrochemical measurements show that both the large accessible surface area of hierarchical nanostructure and the good conductivity of Cu foam are in favor of electrocatalysis so that the glucose detection. We have systematically evaluated the catalytic performance of NiCo-LDH/CCCH/CuF systems by changing the Ni:Co mole ratio and the synthesis time based on both cyclic voltammetry and amperometry techniques. Our results indicate that the optimization NiCo-LDH/CCCH/CuF system exhibits high sensitivity (10.78 μA/μM/cm 2 ), large linear concentration range (0.001─1.5 mM) and fast response-recovery times (2.4 s and 2.0 s) for glucose analyses. By integrating the NiCo-LDH/CCCH/CuF glucose sensing electrode with the custom-printed circuit board (PCB), we also demonstrate the feasibility of glucose detection at micromole level. Therefore, the NiCo-LDH/CCCH/CuF hierarchical nanostructure is applicable to the high sensitivity glucose determination.

Introduction

During the past decades, millions of individuals have suffered from the chronic disease of diabetes mellitus, which not only causes major health problems, but also leads to heavy medical burden and indirect social cost [START_REF] Bandodkar | Re-usable electrochemical glucose sensors integrated into a smartphone platform[END_REF]. Unfortunately, the diabetic patients have to carefully manage disease by regularly measuring their blood glucose levels since there is no cure [START_REF] Kirk | Self-monitoring of blood glucose: practical aspects[END_REF]. In such a context, it is very critical to develop the fast and highly sensitive blood glucose sensor or analysis instruments for glucose monitoring. In addition to the need of diabetic patients, other requirements such as food quality control and biological process monitoring also promote the rapid development of glucose sensor and sensing system [START_REF] Liu | Three-dimensional copper foam supported CuO nanowire arrays: an efficient non-enzymatic glucose sensor[END_REF]. Among the developed glucose detection techniques, the electrochemical method is a promising way owing to its advantages of high sensitivity, convenient operation and cost effectiveness [START_REF] Hwang | Recent advances in electrochemical nonenzymatic glucose sensors-a review[END_REF]. As we all know that the glucose sensing electrode is the most important part of the electrochemical sensing system. Moreover, the first enzymatic electrochemical glucose sensing electrode has been developed more than 40 years ago [START_REF] Clark | Electrode systems for continuous monitoring in cardiovascular surgery[END_REF]. Although the enzymatic electrode has the advantages of high response and good selectivity, it was still blocked by the high cost, complicated enzyme immobilization process, and easily inactivated [START_REF] Liu | Cobalt phosphide nanowire array as an effective electrocatalyst for non-enzymatic glucose sensing[END_REF]. Fortunately, transition metals (Cu, Ni, Co, et al. [START_REF] Ensafi | A new non-enzymatic glucose sensor based on copper/porous silicon nanocomposite[END_REF][START_REF] Niu | Highly sensitive and selective nonenzymatic detection of glucose using three-dimensional porous nickel nanostructures[END_REF][START_REF] Ramachandran | Ni-Co bimetal nanowires filled multiwalled carbon nanotubes for the highly sensitive and selective non-enzymatic glucose sensor applications[END_REF][START_REF] Li | Enzyme-free glucose sensor using a glassy carbon electrode modified with reduced graphene oxide decorated with mixed copper and cobalt oxides[END_REF][START_REF] Zhang | A CuNi/C nanosheet array based on a metal-organic framework derivate as a supersensitive non-enzymatic glucose sensor[END_REF]) and their derivatives [START_REF] Ding | Electrospun Co3O4 nanofibers for sensitive and selective glucose detection[END_REF][START_REF] Mu | Nano nickel oxide modified non-enzymatic glucose sensors with enhanced sensitivity through an electrochemical process strategy at high potential[END_REF][START_REF] Xia | Hierarchically porous NiO film grown by chemical bath deposition via a colloidal crystal template as an electrochemical pseudocapacitor material[END_REF][START_REF] Li | Novel ultrasensitive non-enzymatic glucose sensors based on controlled flower-like CuO hierarchical films[END_REF][START_REF] Han | Leaf-Templated synthesis of 3D hierarchical porous cobalt oxide nanostructure as direct electrochemical biosensing interface with enhanced electrocatalysis[END_REF] exhibit high catalytic activity for the electrooxidation of glucose. Accordingly, as the promising sensitive material for enzyme-free glucose detection, they have attracted great interest and attention due to their unique properties [START_REF] Xiong | Co-doped CuO nanoarray: an efficient oxygen evolution reaction electrocatalyst with enhanced activity[END_REF].

Recently, the typical two-dimensional lamellar metal hydroxide material of nickel-cobalt layered double hydroxides (NiCo-LDHs) have attracted considerable attention to be used as candidate catalysts for nonenzymatic glucose detection because of their versatility in both chemical composition and structural morphology, and easy exfoliation to 2D nanosheets with large specific surface area, which can effectively improve anion exchange capability and thus boost the electrochemical performance [START_REF] Li | Layered double hydroxides toward high-performance supercapacitors[END_REF][START_REF] Liu | A new architecture design of Ni-Co LDH-based pseudocapacitors[END_REF][START_REF] Zha | Acetate anion-intercalated nickel-cobalt layered double hydroxide nanosheets supported on Ni foam for high-performance supercapacitors with excellent long-term cycling stability[END_REF][START_REF] Wang | Three-dimensional NiCo layered double hydroxide nanosheets array on carbon cloth, facile preparation and its application in highly sensitive enzymeless glucose detection[END_REF]. For example, Wang et al. [START_REF] Wang | Three-dimensional NiCo layered double hydroxide nanosheets array on carbon cloth, facile preparation and its application in highly sensitive enzymeless glucose detection[END_REF] fabricated a glucose detection platform by growing the 3D NiCo-LDH nanosheets array on the surface of carbon cloth. Asadian and co-workers constructed a glucose sensor by synthesizing MOF derived NiCo layered double hydroxide nanosheets on graphene nanoribbons [START_REF] Asadian | Highly sensitive nonenzymetic glucose sensing platform based on MOF-derived NiCo LDH nanosheets/graphene nanoribbons composite[END_REF]. Song et al. [START_REF] Song | A high-performance three-dimensional hierarchical structure MOF-derived NiCo LDH nanosheets for non-enzymatic glucose detection[END_REF] prepared 3D hierarchically layered double hydroxides by using carbon cloth as conductive base, and cobalt carbonate nanorods as the guiding template for glucose detection. Because the nanorods guiding template can further expand the ion transport channel, the 3D conductive base can expose as many active sites as possible and also promote charge transfer [START_REF] Li | Finely crafted 3D electrodes for dendrite-free and high-performance flexible fiber-shaped Zn-Co batteries[END_REF][START_REF] Zhang | High-performance and ultra-stable lithium-ion batteries based on MOF-derived ZnO@ZnO quantum Dots/C core-shell nanorod arrays on a carbon cloth anode[END_REF][START_REF] Xu | Porous microrod arrays constructed by carbon-confined NiCo@NiCoO2 core@shell nanoparticles as efficient electrocatalysts for oxygen evolution[END_REF], it is promising to construct hierarchically NiCo-LDH as sensing materials for highly sensitive glucose detection.

To further enhance the electrocatalytic performances of the sensitive materials, preparing the 3D NiCo-LDH multilayer structure with copper foam (CuF) as the conductive substrate is an appropriate candidate. The CuF possesses higher electrical conductivity than carbon cloth and also electro-catalytic property for glucose. In addition, to increase the mass loading of NiCo-LDH sensing materials on the restrained surface of CuF, combing NiCo-LDH structure with one-dimensional nanorods/wires, such as cobalt copper carbonate hydroxide (CCCH) nanorods, to form core-shell structure could be a highly efficient method. Synthesizing the CCCH nanorods on CuF could provide a large specific surface area for the development of NiCo-LDH. This multicomponent hierarchical nanostructure has the advantages of great accessible surface area, effective ion diffusion and electron transfer [START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF].

However, the electrochemical catalytic performance of this hierarchical nanostructure material on glucose has not been reported.

In this work, NiCo-LDH/CCCH/CuF nanostructures were prepared by hydrothermal method. The morphology and element composition of the NiCo-LDH/CCCH/CuF nanostructures were investigated by scanning electron microscopy (SEM), transmission electron microscope (TEM), X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), the feeding mole ratio of Ni:Co and the growth time of NiCo-LDH were optimized. After that, the electrochemical properties of the as-fabricated sensing electrode were investigated through the cyclic voltammetry and amperometry techniques. Based on this, a sensitive glucose detection system was developed by interfacing the NiCo-LDH/CCCH/CuF electrode to the application specific integrated circuit.

Experimental results indicate that trace of glucose can be measured by the system with negligible interference, enabling a new class of glucose sensing device.

Experimental

Reagents and chemicals

Cu foam (δ=1.0 mm, 110 pores per Inch) was obtained from Yiyang Foammetal New Material Co. Ltd.. Urea (CO(NH2)2, ≥99.0%), Cobalt chloride hexahydrate

(CoCl2•6H2O, ≥99.99%), Nickel nitrate hexahydrate (Ni(NO3)2•6H2O, ≥98%),
Hexadecyl trimethyl ammonium bromide (CTAB, ≥99%), Hydrochloric acid (HCl, ≥37.5%) and Sodium hydroxide (NaOH, ≥98%) were purchased from Sigma-Aldrich (Shanghai, China). The human serum was ordered from Beijing Chreagen Biotechnology Co. Ltd..

Apparatus

The SEM images of the samples were obtained by SUPRA 55 (Carl Zeiss). The TEM and high-resolution TEM (HRTEM) were analyzed by Tecnai G2 F30 (FEI Company). The elements mapping was investigated using EDAX GENESIS. A MiniFlex II (Rigaku Corporation) was used for XRD analysis. The Escalab 250Xi instrument was carried out for XPS measurements. In addition, a CHI 660E electrochemical workstation was used to evaluate the electrochemical performance of the glucose sensors. The Ag/AgCl electrode and Pt wire mesh (10 mm×20 mm) were used in our experiments as the reference and counter electrodes, respectively.

Preparation of the NiCo-LDH/CCCH/CuF electrode

Typically, the CuF was initially immersed in HCl solution (1.0 M) for 0.5 h in order to remove the oxide layer on the surface. Subsequently, the pre-treated CuF was washed by using acetone, absolute ethanol and deionized water for three times. After that, 7.56 g of CO(NH2)2 and 2.4 g of CoCl2•6H2O were mixed with 60 mL deionized water to form a homogeneous solution with stirring about 10 mins. Then, the CuF was immersed into the as-prepared homogeneous solution and transferred to a 100 mL autoclave. The reaction was carried out at 90 °C for about 12 h. Finally, the pink CCCH/CuF was obtained after cleaning and drying at 70 °C for 6 h [START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF].

For NiCo-LDH/CCCH/CuF electrode, 0.42 mmol Ni(NO3)2•6H2O, 0.28 mmol CoCl2•6H2O, 1.0 g CTAB and 30 mL methanol were firstly added into 6.0 mL deionized water and stirred to form the homogeneous solution. Secondly, the obtained CCCH/CuF was immersed in 100 mL Teflon autoclave with the as-prepared homogeneous solution. Thirdly, the autoclave was heated up to 180 °C to synthesize the NiCo-LDH nanostructure on the surface of CCCH nanorods. After that, the NiCo-LDH/CCCH/CuF can be obtained after washing and drying at 80 °C for 12 h. Meanwhile, the NiCo-LDH nanostructures with different Ni:Co mole ratios and growth times were prepared using the same synthesis process for the comparative experiments. Finally, the NiCo-LDH/CCCH/CuF was cut into the size of 0.2 cm×0.8 cm (width × length) as sensing electrode for the following experiments.

Construction of glucose sensing system

The three-electrode system was constructed to examine the performance of as-developed glucose sensing system. Using the screen-printed method, the conductive carbon and Ag/AgCl were firstly transferred onto the surface of polyethylene terephthalate (PET) substrate to prepare the counter and reference electrodes, respectively. After that, the as-synthesized multicomponent hierarchical NiCo-LDH/CCCH/CuF was integrated as the working electrode. The 4-layer custom-printed circuit board (PCB) was introduced using a STMicroelectronics STM32F103RCT6 System-on-Chip for communication and processing. Two FPC-6P connectors were used to link electrodes and UART (Universal Asynchronous Receiver/Transmitter) bus, respectively. The sensing electrode was interfaced to the as-prepared PCB featuring a potentiostat function, and the data was collected by the STM32 and transmitted to a Bluetooth 4.0-enabled receiver or UART bus. The power source of the as-fabricated sensing electrode was supplied by two 402030 button cell lithium batteries (3.7 V, 220 mAh). we can clearly find that CCCH nanorods align on the CuF supporter (Fig. 1(b,c)).

Results and discussion

Characterization of the NiCo-LDH/CCCH/CuF

Because of the existence of copper ions on the surface of CuF, and the introduced cobalt ions and urea can prompt the growth of CCCH nanorods. Subsequently, the intersected and aligned NiCo-LDH nanosheets were synthesized by hydrothermal method on the surface of CCCH nanorods (Fig. 1(d-f)). Moreover, the detailed morphology of CCCH/CuF and NiCo-LDH/CCCH/CuF is illustrated in Fig. S1 (Supporting information S1). The measured results indicate that the nanorods (CCCH) and hierarchical nanostructure (NiCo-LDH/CCCH) can uniformly grow on the surface of CuF supporter. The hierarchical layered arrays and the resulting micro-porous structures are benefit for electron conduction and ion diffusion [START_REF] Song | A high-performance three-dimensional hierarchical structure MOF-derived NiCo LDH nanosheets for non-enzymatic glucose detection[END_REF][START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF].

Furthermore, the influence of Ni:Co (mole ratios) on the morphology of NiCo-LDH structures was also investigated as shown in Fig. S2 (Supporting information S2).

Apparently, when Co 2+ is absence in the precursor solution (Ni:Co=10:0), the morphology of NiCo-LDH exhibits an apparent irregular bulk structure and disordered arrangement (Fig. S2(a)). With the increasing mole ratio of Co, the thickness of the assembled nanosheets will decrease from ~100 nm to ~30 nm (Fig. S2(b,c)). Further increasing the proportion of Co (Ni:Co=4:6), the hierarchical nanostructure of NiCo-LDH exhibits the crossed and aligned nanosheets, as shown in Fig. S2(d). Moreover, it seems that the introducing of Co 2+ can significantly improve the uniform structure of nanosheets, which is probably facilitate for enhancing oriented growth of nanosheets [START_REF] Song | Exfoliation of layered double hydroxides for enhanced oxygen evolution catalysis[END_REF][START_REF] Chen | Nickel-cobalt layered double hydroxide nanosheets for high-performance supercapacitor electrode materials[END_REF]. The structure and composition of CCCH and NiCo-LDH/CCCH nanocomposites were further investigated using TEM measurement and element analysis. Fig. 2(a-f) shows the TEM, HRTEM images and element mapping data for a typical needle like CCCH nanostructure. The corresponding element mapping of the CCCH illustrates the uniform distribution of Co and Cu elements in CCCH (Fig. 2(b,c)). Under the HRTEM examination, Fig. 2(e,f) display the lattice fringes, and the obtained lattice fringe spacing of 0.51 nm, 0.23 nm and 0.255 nm correspond to the (020), ( 231) and (040) plane of CCCH phase. For the NiCo-LDH/CCCH, we can observe that the NiCo-LDH nanosheets cover on the surface of CCCH nanorods, as shown in Fig. 2(g,j). The corresponding elemental mapping images demonstrate the distribution of Co and Ni elements (Fig. 2(h,i)) on NiCo-LDH/CCCH. Meanwhile, the crystalline structure of NiCo-LDH nanosheet was further observed by HRTEM, and the spacing of the measured lattice fringe was confirmed to be 0.23 nm and 0.26 nm, which is correspond to the (015) and (009) planes of the LDH phase. To further confirm the crystallographic structures of as-synthesized samples, XRD analysis was carried out. As shown in Fig. 3(a), the peaks around 43.3°, 50.4°, 74.1° and 89.9° can be assigned to the (111), ( 200), ( 220) and (311) crystal planes of Cu (Black curve). For CCCH/CuF sample (Red curve), the diffraction peaks located at 9.8°, 17.3°, 20.1°, 26.4°, 33.5°, 39.0° and 61.5° can be indexed to (100), (020), ( 001 to Cu 2p1/2 [START_REF] Nagaraju | Utilizing waste cable wires for high-performance fiber-based hybrid supercapacitors: An effective approach to electronic-waste management[END_REF][START_REF] Li | One-pot synthesis of Cu-doped Ni3S2 nano-sheet/rod nanoarray for high performance supercapacitors[END_REF]. Therefore, the XPS results confirm the trivalent metal ions exits in the as-prepared sample [START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF][START_REF] Renzhi | Topochemical synthesis of Co-Fe layered double hydroxides at varied Fe/Co ratios: unique intercalation of triiodide and its profound effect[END_REF]. 1) and ( 2) [START_REF] Wang | Three-dimensional NiCo layered double hydroxide nanosheets array on carbon cloth, facile preparation and its application in highly sensitive enzymeless glucose detection[END_REF][START_REF] Wang | Rattle-type Au@NiCo LDH hollow core-shell nanostructures for nonenzymatic glucose sensing[END_REF][START_REF] Yang | Synthesis of hierarchical NiCo2O4 hollow nanorods via sacrificial-template accelerate hydrolysis for electrochemical glucose oxidation[END_REF]. Furthermore, the NiCo-LDH hierarchy structure based on CCCH would provide more contact active sites for glucose catalytic, and the CCCH would facilitate fast charge transfer kinetics [START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF], as well as the CuF has outstanding conductivity which is conductive to electron transfer. As a result, the oxidation current can be significantly enhanced by the NiCo-LDH/CCCH/CuF multicomponent hierarchical structure.

Electrochemical properties of NiCo-LDH/CCCH/CuF sensor

NiOOH+C6H12O6 ─>Ni(OH)2+C6H12O7

(1)

CoOOH+ C6H12O6 ─>Co(OH)2+ C6H12O7 (2) 
In addition, the electrochemical active surface area of CCCH/CuF and NiCo-LDH/CCCH/CuF were also evaluated by CVs in 5 mM [Fe(CN)6] 3-/4-solution containing 0.1 M KCl. The Randles-Sevcik Equation is as follow [START_REF] Huang | One pot synthesis of palladium-cobalt nanoparticles over carbonnanotubes as a sensitive non-enzymatic sensor for glucose andhydrogen peroxide detection[END_REF]:

ΙΡ=(2.69×10 5 )•n 3/2 •A•D0 1/2 •C0•ν 1/2 (3) 
In the equation, A is the surface area of the electrode, C0 is the concentration of [Fe(CN)6] 3-/4-, D0 is the diffusion coefficient of [Fe(CN)6] 3-/4-. We can find that it exhibits a linear relationship between peak current (ΙΡ) and square root of scan rate (ν 1/2 ). Consequently, the subsequent experiments were carried out on the optimization mole ratio (Ni:Co=6:4). It is well know that the electrocatalytic properties of electrochemical sensor are significantly influenced by the morphology of sensing material. Therefore, the electrocatalytic performances of as-developed NiCo-LDH/CCCH/CuF (Ni:Co=6:4)

Effect of the growth time on electrocatalytic performance

sensor were investigated by CVs with different growth times (1 h, 4 h, 10 h, 18 h and 24 h), as shown in Fig. 6(a-e). For all the glucose sensors, the catalytic current increases with the increasing concentration of glucose from 0 to 1.5 mM, revealing the good electrocatalytic property for glucose detection. Meanwhile, the sensitivity of the sensors was calculated from the linear plots of oxidation current versus glucose concentration. From the Fig. 6(f), we can clearly find that the as-prepared NiCo-LDH/CCCH/CuF sensor exhibits the highest sensitivity under the growth time of 10 h. The probably reason can be ascribed to that the shorter growth time will lead to a small amount of NiCo-LDH (Fig. S6(a-b)) (Supporting information S6) and poor electrocatalytic performance. While, the longer growth time will cause the connected NiCo-LDH nanosheets (Fig. S6(d-e)) and reduce the micro-porous structure, which prevents the ion diffusion. Therefore, the optimal growth time is selected as 10 h for the subsequent experiments.

Amperometric response of NiCo-LDH/CCCH/CuF sensor

The electrochemical properties for glucose of the as-fabricated NiCo-LDH/CCCH/CuF sensor were evaluated by amperometry technique under different potentials. Fig. 7(a) depicts the amperometric response of sensor with the continuously increasing glucose at the potential range of 0.40 to 0.60 V. Obviously, the current response significantly increases with the enhancement of applied potential, and the excessive background current appears at 0.60 V. Meanwhile, the sensitivity of NiCo-LDH/CCCH/CuF sensor under different potentials was calculated in Fig. S7 (Supporting information S7), and Fig. 7(b) illustrates the calculated sensitivity of NiCo-LDH/CCCH/CuF sensor under different potential voltages. Apparently, the highest sensor response can be obtained at 0.55 V, which was determined as the optimum potential for all the subsequent performance tests. μA/μM/cm 2 in the linear range of 0.001─1.5 mM, which is nearly 3.7 times that of the CuF (2.88 μA/μM/cm 2 ). Furthermore, the detection limit was calculated as 0.68 μM (based on signal/noise=3) [START_REF] Zhao | Preparation and characterization of AuNPs/CNTs-ErGO electrochemical sensors for highly sensitive detection of hydrazine[END_REF][START_REF] Zhao | Synthesis and electrochemical properties of Co3O4-rGO/CNTs composites towards highly sensitive nitrite detection[END_REF]. The enhanced electrochemical properties of the NiCo-LDH/CCCH/CuF sensor can probably be ascribed to the hierarchical nanostructure, the catalytic performance of NiCo-LDH nanosheets and the synergistic effect. Table 1 illustrates the comparison of our present work with previous reported glucose sensors. We can clearly observe that the as-prepared NiCo-LDH/CCCH/CuF sensor shows superior electrochemical performances for glucose detection including higher sensitivity and lower limit of detection (LOD) comparing with other sensors, indicating the excellent sensing characteristics. CuO nanowires/copper foam 1-18800 2.217 0.3 0.35 [START_REF] Li | Sensitive electrochemical nonenzymatic glucose sensing based on anodized CuO nanowires on three-dimensional porous copper foam[END_REF] CuO nanfibers 6-2500 0.431 0.8 0.40 [START_REF] Wang | Three-dimensional network films of electrospun copper oxide nanofibers for glucose determination[END_REF] Cu nanowires/Cu 0. 4-2000 0.49 0.049 0.33 [START_REF] Zhuang | An improved sensitivity non-enzymatic glucose sensor based on a CuO nanowire modified Cu electrode[END_REF] Cu foam 180-3470 3.397 12.96 0.50 [START_REF] Jin | A non-enzyme electrochemical qualitative and quantitative analyzing method for glucose, D-fructose, and sucrose utilizing Cu foam material[END_REF] CuOx-CoOx/graphene 5-570 0.507 0.5 0.50 [START_REF] Li | Enzyme-free glucose sensor using a glassy carbon electrode modified with reduced graphene oxide decorated with mixed copper and cobalt oxides[END_REF] MWCNT/Ni-Co/GCE 5-10000 0.695 1.2 0.45 [START_REF] Ramachandran | Ni-Co bimetal nanowires filled multiwalled carbon nanotubes for the highly sensitive and selective non-enzymatic glucose sensor applications[END_REF] NiCo NSs/GNR-GCE 5-800 0.344 0.6 0.60 [START_REF] Zhang | High-performance and ultra-stable lithium-ion batteries based on MOF-derived ZnO@ZnO quantum Dots/C core-shell nanorod arrays on a carbon cloth anode[END_REF] CuNiCoO4 NWs@CC 20-1400 1.782 6.5 0.55 [START_REF] Mirzaei | Direct growth of ternary copper nickel cobalt oxide nanowires as binder-free electrode on carbon cloth for nonenzymatic glucose sensing[END_REF] Co3O4/NiCo2O4 DSNCs@G 10-3520 0.304 0.384 0.55 [START_REF] Xue | Graphene wrapped porous Co3O4/NiCo2O4 double-shelled nanocages with enhanced electrocatalytic performance for glucose sensor[END_REF] NiCo2O4 NWA/CC 1-630 4.12 0.5 0.5 [START_REF] Luo | Porous NiCo2O4 nanoarray-integrated binder-free 3D open electrode offers a highly efficient sensing platform for enzyme-free glucose detection[END_REF] NiCo LDH/CC 1-1500 5.12 0.12 0.50 [START_REF] Wang | Three-dimensional NiCo layered double hydroxide nanosheets array on carbon cloth, facile preparation and its application in highly sensitive enzymeless glucose detection[END_REF] CC@CCH MOF LDH 1-2000 4.31 0.11 0.55 [START_REF] Song | A high-performance three-dimensional hierarchical structure MOF-derived NiCo LDH nanosheets for non-enzymatic glucose detection[END_REF] Au@NiCo LDH 5-12000 8.647 0.028 0.50 [START_REF] Wang | Rattle-type Au@NiCo LDH hollow core-shell nanostructures for nonenzymatic glucose sensing[END_REF] NiCo Finally, the glucose sensing system was developed through integrating of hardware circuit with multicomponent hierarchical NiCo-LDH/CCCH/CuF sensing electrode. 

Interference test and glucose detection in serum

Conclusions and discussion

We report a novel multicomponent hierarchical nanostructure based glucose sensing electrode. The sensing electrode of NiCo-LDH/CCCH/CuF was synthesized by hydrothermal method. The electrochemical experiments were conducted with optimized NiCo-LDH/CCCH/CuF sensor for glucose detection. Our results prove that the sensor possesses a high sensitivity (10.78 μA/μM/cm 2 ), a large linear concentration range (0.001─1.5 mM), fast response and recovery times (2.4 s and 2.0 s), good stability and reproducibility for glucose determination. We also show a home-made printed circuit board to incorporate the fabricated sensing electrode. As expected, this integrated sensing system can successfully detect trace of glucose. We believe that by reducing the system noise the performance of the system will be largely improved toward practical uses in glucose detection as well as treatment of diabetes mellitus.

Fig. 1 .

 1 Fig. 1. SEM images of CuF (a), CCCH/CuF (b, c) and NiCo-LDH/CCCH/CuF (d-f) with different magnification. The morphology of CuF, CCCH/CuF and NiCo-LDH/CCCH/CuF hierarchical nanostructures were observed by SEM. Fig. 1(a) displays the SEM image of three-dimension CuF with smooth surface. After growth of the CCCH nanostructure,

Fig. 2 .

 2 Fig. 2. TEM image of CCCH (a, d), and corresponding elemental mapping of cobalt (b) and copper (c). HRTEM images of CCCH (e, f). TEM images of NiCo-LDH/CCCH (g, j), and corresponding elemental mapping of cobalt (h) and nickel (i). HRTEM image of NiCo-LDH (k).

Fig. 3 .

 3 Fig. 3. (a) XRD patterns of CuF, CCCH/CuF, Co2(OH)3Cl/CCCH/CuF, NiCo-LDH/CCCH/CuF and Ni3(NO3)2(OH)4/CCCH/CuF. (b) XRD patterns of NiCo-LDH structures with different mole ratios of Ni:Co. Survey XPS spectrum of NiCo-LDH/CCCH nanostructures (c), Co 2p (d), Ni 2p (e), and Cu 2p (f).

  49Cu0.51(CO3)0.43(OH)1.14) phase (JCPDS No. 048-0084). Meanwhile, the XRD pattern of the collected CCCH nanorods powder is shown in Fig.S3(Supporting information S3), which is also consistent with the PDF card (JCPDS No. 048-0084).Moreover, when the Ni 2+ was absence in the precursor solution, the as-synthesized sample exhibited the phase of Co2(OH)3Cl (Dark yellow curve). While, if the product prepared without additive of Co 2+ , the obtained pattern can be ascribed to Ni3(NO3)2(OH)4 phase (JCPDS 22-0752) (Olive curve). Furthermore, the diffraction peaks centered at 11.1°, 22.1° and 34.6° can be indexed to (003), (006) and (009) plane of the LDH phase (Orange curve)[START_REF] Guo | Multicomponent hierarchical Cu-doped NiCo-LDH/CuO double arrays for ultralong-life hybrid fiber supercapacitor[END_REF][START_REF] Chen | Nickel-cobalt layered double hydroxide nanosheets for high-performance supercapacitor electrode materials[END_REF][START_REF] Wang | Controllable synthesis of NiCo LDH nanosheets for fabrication of high-Performance supercapacitor electrodes[END_REF][START_REF] Cai | Solvothermal synthesis of NiCo-layered double hydroxide nanosheets decorated on RGO sheets for high performance supercapacitor[END_REF][START_REF] Zhao | Preparation of partially-cladding NiCo-LDH/Mn3O4 composite by electrodeposition route and its excellent supercapacitor performance[END_REF]. In addition, Fig.3(b) displays the XRD patterns of NiCo-LDH structures with different mole ratios of nickel and cobalt.The obtained results reveals that the crystal structure gradually transformation from NiCo-LDH to Co2(OH)3Cl phase with the increasing concentration ratio.The chemical states and compositions of the NiCo-LDH/CCCH nanostructures were analyzed using XPS measurements (Fig.3(c)). The energy scale was calibrated with the C 1s peak of the carbon. Fig.3(d) shows the high resolution XPS spectra of Co 2p. The two main peaks situate at about 781.1 eV (Co 2p3/2) and 796.6 eV (Co 2p1/2), suggesting that Co is predominantly existence as Co 3+ state [33]. The peaks centered at 782.3 eV and 797.9 eV are ascribed to the satellite peaks of Co 2p3/2 and Co 2p1/2. The Ni 2p peaks are displayed in Fig. 3(e). The typical two peaks in the Ni 2p region located at 873.4 and 855.6 eV can be indexed to Ni 2p1/2 and Ni 2p3/2, respectively. The obtained two shakeup satellite peaks are about 861.1 eV and 879.0 eV, which correspond to the Ni 2p1/2 and Ni 2p3/2 [19, 34]. Fig. 3(f) reveals the high resolution XPS spectra of Cu 2p. The fitted peaks located at 934.2 and 935.2 eV correspond to Cu 2p3/2, and the peaks centered at 953.7 and 955.2 eV can be ascribed

Fig. 4 .

 4 Fig. 4. (a) Cyclic voltammetry (CV vs. Ag/AgCl) responses of CuF, CCCH/CuF and NiCo-LDH/CCCH/CuF with and without 2.0 mM glucose in 0.2 M NaOH at 100 mV/s. (b) CV (vs. Ag/AgCl) response curves of NiCo-LDH/CCCH/CuF in 1.0 mM glucose solution with different scanning rates; Inset image (i): plots of anodic peak currents versus the square root of scan rate.To evaluate the electrocatalytic activity of as-synthesized sensing materials, the cyclic voltammetry (CV) test was performed on the CuF, CCCH/CuF and NiCo-LDH/CCCH/CuF (Fig.4(a)). For CuF, it is not only used as a conductive supporter, but also exhibits electrocatalytic performance in presence of glucose (the orange curves). After the growth of CCCH nanorods on the surface of CuF, an oxidation peak can be observed for glucose catalytic, and the anodic current increases slightly (Blue curves) more than CuF. However, the measured oxidation current of NiCo-LDH/CCCH/CuF towards 2.0 mM glucose increases sharply (Red curves) and reveals the highest catalytic current compared with CuF and CCCH/CuF. During the electrocatalytic process, the glucose (C6H12O6) is oxidized by the trivalent nickel and cobalt ions as expressed in equation (1) and (2)[START_REF] Wang | Three-dimensional NiCo layered double hydroxide nanosheets array on carbon cloth, facile preparation and its application in highly sensitive enzymeless glucose detection[END_REF][START_REF] Wang | Rattle-type Au@NiCo LDH hollow core-shell nanostructures for nonenzymatic glucose sensing[END_REF][START_REF] Yang | Synthesis of hierarchical NiCo2O4 hollow nanorods via sacrificial-template accelerate hydrolysis for electrochemical glucose oxidation[END_REF]. Furthermore, the

  Fig. S4 (Supporting information S4) shows the CVs of the two different electrodes at various scan rates, and the corresponding fitting calibration lines of ΙΡ vs. ν 1/2 is displayed in Fig. S5 (Supporting information S5). According to the obtained results, the electrochemical surface area of NiCo-LDH/CCCH/CuF is about 1.85 times that of CCCH/CuF. Therefore, the as-synthesized NiCo-LDH/CCCH/CuF hierarchical nanostructures provide a larger electrochemical surface area for glucose oxidation. The kinetics of the electron transfer process of NiCo-LDH/CCCH/CuF was investigated by scan rate dependent experiment [41]. Fig. 4(b) illustrates the CV responses of NiCo-LDH/CCCH/CuF exposure in 1.0 mM glucose with different scan rates (10─90 mV/s). The results reveal that the oxidation current response of NiCo-LDH/CCCH/CuF increases significantly and the oxidation peak potential shifts to positive as the scan rate increases. The inset image displays the fitting linear plots of peak oxidation current (Ip) versus square root of the scan rate (ν 1/2 ), indicating a typical diffusion-controlled electron transfer process.

3. 3 Fig. 5 .

 35 Fig. 5. (a-h) CVs (vs. Ag/AgCl, 100 mv/s) of NiCo-LDH/CCCH/CuF sensors fabricated with different Ni:Co mole ratios (10:0 to 3:7) under different concentrations of glucose (0.0-2.0 mM) in 0.2 M NaOH. (i) Behavior of ∆J as a function of NiCo-LDH/CCCH/CuF sensors.Fig. 5(a-h) illustrate the CVs of as-fabricated NiCo-LDH/CCCH/CuF sensors with various of Ni:Co mole ratios (from 10:0 to 3:7) exposure to different concentrations of glucose. Obviously, the oxidation current values of all as-prepared NiCo-LDH/CCCH/CuF sensors increase with the increasing glucose concentration (from 0 to 2.0 mM). When the proportion of Co increases from 0 to 4, the catalytic current of NiCo-LDH/CCCH/CuF sensor exhibits a remarkably enhancement, and then decreases sharply with further increasing the content of Co. The difference values (ΔJ) between 0.0 mM and 2.0 mM test lines were calculated (at the potential of 0.55V). Clearly, the nanocomposites formed at Ni:Co=6:4 shows the highest catalytic current value, and the measured ΔJ can reach to 6.04 mA as shown in Fig. 5(i).

Fig. 6 .

 6 Fig. 6. SEM images and corresponding CVs (vs. Ag/AgCl, 100 mv/s) of the as-prepared NiCo-LDH/CCCH/CuF (Ni:Co=6:4) sensor with different growth time toward glucose catalysis (0.0-1.5 mM): 1 h (a), 4 h (b), 10 h (c), 18 h (d) and 24 h (e). (f) Sensitivity versus growth time of the NiCo-LDH/CCCH/CuF sensor.

Fig. 7 .

 7 Fig. 7. (a) Amperometric response (vs. Ag/AgCl) of NiCo-LDH/CCCH/CuF sensor in presence of the continuously increasing glucose under different potentials (0.40-0.60 V). (b) The sensitivity of the as-prepared sensor tested under different potentials. (c) Amperometric current responses (0.55V vs. Ag/AgCl) of CuF, CCCH/CuF and NiCo-LDH/CCCH/CuF with increasing glucose concentration (0.001-4.6 mM); Inset image (i): amperometric current response under the low concentrations of glucose. (d) Linear fitting calibration lines of (c).

Fig. 7 (Fig. 7 (

 77 Fig. 7(c) displays the amperometric response of CuF, CCCH/CuF and NiCo-LDH/CCCH/CuF with increasing concentration of glucose range from 0.001 to 4.6 mM under stirred condition. The inset image (i) shows the current response under lower concentration of glucose from 1.0 to 21.0 μM. The measured results reveal that the as-prepared NiCo-LDH/CCCH/CuF sensor exhibits the largest catalytic current comparing with CuF and CCCH/CuF, even under the low concentration of glucose.Fig. 7(d) exhibits the corresponding linear plots of amperometric current versus glucose concentration, and Fig. S8 (Supporting information S8) shows the amperometric response under lower concentration of glucose. Based on the measured results, the sensitivity of NiCo-LDH/CCCH/CuF sensor was calculated to be 10.78

Fig. 8 .

 8 Fig. 8. (a) Amperometric response (0.55V vs. Ag/AgCl) of the NiCo-LDH/CCCH/CuF sensor with increased and diluted glucose. (b) The response-recovery behavior of NiCo-LDH/CCCH/CuF. (c) Reproducibility of as-fabricated NiCo-LDH/CCCH/CuF sensors with successive addition of glucose; Inset image (i): amperometric current response in low glucose concentrations. (d) Long-term stability of NiCo-LDH/CCCH/CuF sensor. The response-recovery performance is an important parameter of electrochemical sensor, which represents the abilities of electrochemical sensor reaction with detection substance and recovery to the initial state [51]. Fig. 8(a) exhibits the amperometric current response of NiCo-LDH/CCCH/CuF sensor toward adding glucose and diluted NaOH solution. Apparently, the measured amperometric current increases rapidly when glucose concentration is increased. Then the response current decreases abruptly with adding NaOH solution. Fig. 8(b) shows the typical response and recovery plot of sensor with adding 50 μM glucose and 50 mL NaOH solution, respectively. The measured response and recovery times for the sensor are only 2.4 s and 2.0 s, which

Fig. 9 .

 9 Fig. 9. (a) Interference test of NiCo-LDH/CCCH/CuF sensor in presence of interferences (UA, CA, AA and fructose). (b) Amperometric response (0.55V vs. Ag/AgCl) of the NiCo-LDH/CCCH/CuF sensor for successive droppings two kinds of human serum samples in NaOH solution.For the practical application of electrochemical sensor, there are usually different kinds of interferences in real environment. Therefore, the interference experiment was conducted on NiCo-LDH/CCCH/CuF sensor including the interferences of uric acid (UA), citric acid (CA), ascorbic acid (AA) and fructose. Fig.9(a) illustrates the interference test result, which was performed by successive adding glucose (1.0 mM) and different interference species (0.1 mM) into the solution. Although the AA and fructose slightly influenced the current response, the as-prepared

3. 8 Fig. 10 .

 810 Fig. 10. (a) Schematic diagram of the integrated sensing system. (b) The image of the integrated glucose detection system which is constructed based on NiCo-LDH/CCCH/CuF electrode. (c) The multicomponent hierarchical NiCo-LDH/CCCH/CuF sensing electrode. (d) Amperometric current response (0.55V vs. Ag/AgCl) of sensing system when exposure to increasing glucose concentration in 0.2 M NaOH. (e) Response linear fitting curve of (d).

Fig. 10 (

 10 Fig.10(a) shows the schematic diagram of the integrated sensing system, and the corresponding hardware system is shown in Fig.10(b). The whole integrated sensing

  

Table 1

 1 The performance of NiCo-LDH/CCCH/CuF based glucose sensor comparing with other enzyme-free sensors.

	Sensing material	Linear range (μM)	Sensitivity (μA•μM -1 •cm -2 )	LOD (μM)	Potential (v)	Reference
	GIP/CuCo/SPCE	1-25000	─	0.65	0.60	[43]
	Cu/Psi-CPE	1-190 & 190-2300	─	0.2	0.55	[7]
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