

  coatings-13-00290




coatings-13-00290







Coatings 2023, 13(2), 290; doi:10.3390/coatings13020290




Article



Porous Nickel Electrode for Highly Sensitive Non-Enzyme Electrochemical Glucose Detection



Zejun Wang 1 and Yuyuan Zhao 1,2,*





1



School of Engineering, University of Liverpool, Liverpool L63 3GH, UK






2



School of Mechanical and Automotive Engineering, Ningbo University of Technology, Ningbo 315336, China









*



Correspondence: zhaoyuyuan@nbut.edu.cn







Academic Editor: Keith J. Stine



Received: 29 December 2022 / Revised: 18 January 2023 / Accepted: 23 January 2023 / Published: 27 January 2023



Abstract

:

Porous metals have great potential for applications in non-enzyme glucose detection because they have a high surface area and therefore improved the sensitivity of detection and the accuracy of measurement. An LCS/DHBT porous nickel with both macropores (710–1000 μm) and microscale pores (1–25 μm) has been produced by combining the Lost Carbonate Sintering (LCS) and Dynamic Hydrogen Bubble Template (DHBT) processes. Its behavior for glucose measurement has been studied by cyclic voltammetry and compared with a nickel plate and the LCS porous nickel substrate. The as-fabricated porous nickel has an electroactive surface area 18% higher than the LCS porous nickel. The anodic peak current density of the LCS/DHBT electrode in an electrolyte of 0.1 M KOH containing 0.5 mM glucose at scan rates in the range of 25–300 mV/s are in the range of 3.43–13.94 mA/cm2, which is approximately 2 and 10 times those of the plate and LCS electrodes. Increasing the scan rate results in a higher current density and a larger anodic peak potential shift. Current density increases with glucose concentration in several linear segments. The sensitivity and limit of detection of LCS/DHBT nickel electrode in the glucose measurement are 5775 μA/cm2mM and 0.66–2.91 μΜ, respectively. It shows excellent performance for glucose measurement due to its porous nanostructure and its highly effective surface area.
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1. Introduction


Glucose sensors have attracted considerable attention in recent years as diabetes has increasingly become a serious global health problem. Enzymatic glucose sensors have two main issues: Difficulty in quality control and the effect of oxygen on sensitivity [1]. Firstly, the accuracy of glucose detection depends on the activity of the enzyme, which is influenced by factors such as temperature, humidity, pH, and contamination. Normally, the active enzyme can only work and be stored in dry conditions below 40 °C with a pH value in the range of 2–8. Moreover, a sterilization process is needed throughout the whole sensor manufacturing process. These requirements not only complicate the manufacturing process and increase the production cost but also increase the risk of low reproducibility [1]. Secondly, the sensitivity of enzymatic sensors is highly affected by the oxygen concentration. Low or high concentrations of oxygen result in the distortion of measurement [1].



Enzyme-free electrochemical glucose sensors have little restriction in the manufacturing and storing processes because no active enzyme is needed. They are suitable for mass production and have lower unit prices and better reproducibility. In addition, the glucose is directly oxidized on the surface of the sensor, avoiding the oxygen effect on measurement because the potential of glucose oxidation is lower than that of oxygen reduction. Therefore, non-enzyme electrochemical glucose sensors potentially have a large market in the future.



Many metals, including gold, platinum, silver, copper, and nickel, and their alloys or oxides possess electrochemical catalytic activity to glucose [2,3,4,5,6,7], and many studies have been carried out to improve the electrochemical catalysis of glucose sensors [8,9,10,11,12]. Among these metals, nickel-based materials have received much attention because of their advantages such as low cost, high catalytic activity, and ease of manufacturing. The catalytic activity of the Ni2+/Ni3+ couple in an alkaline medium allows fast oxidation of glucose to gluconolactone as shown below:


Ni + 2OH− → Ni (OH)2 + H2O + e−



(1)






Ni (OH)2 + 2OH− → NiOOH + H2O + e−



(2)






NiOOH + glucose → Ni (OH)2 + gluconolactone



(3)







Bulk nickel, however, is not accurate and efficient for glucose measurement. Although it can measure the glucose concentration by applying a potential to catalyze the glucose reaction, the collected current is on a scale of μA/cm2/mM. In such a small current, any small disturbance can cause significant errors in the measurement. Increasing the surface area of the electrode becomes an effective pathway to improve the sensitivity of detection and accuracy of measurement. For example, growing nickel nano particles on a substrate can significantly improve the electrocatalytic activity of the electrode, especially on those substrates with ultra-high surface areas such as a multi-wall carbon nanotube/glass carbonate electrode (MWCNT/GCE) [13]. Using a porous structure (e.g., porous film) not only increases the effective surface area but also improves the kinetics of the glucose electro-oxidation reaction [14]. Porous metals have been studied as electrochemical sensors, and many interesting results have been obtained in non-enzyme glucose detection [15,16].



Lost Carbonate Sintering (LCS) is one of the space-holder processes for manufacturing porous metals [17]. It uses potassium carbonate powder to create pores and uses solid-state sintering to process high-melting-point metals. It has the advantage of good control over pore shape, pore size, and porosity. The pore size of the LCS porous metals is normally in the range of 250–1500 μm, and the porosity is in the range of 60%–85%. LCS porous metals have been considered for electrochemical applications such as fuel cells and current collectors due to their high surface area and open-cell porous structure.



The Dynamic Hydrogen Bubble Template (DHBT) is a useful method to form a metal foam film on a substrate [18,19]. In the DHBT process, hydrogen is evolved, and the gas bubbles act as a dynamic soft template. During electrolytic metal deposition, metal crystallization takes place around the bubbles and forms a porous structure. DHBT is easy to implement and the as-manufactured porous film has a very high surface area. Similar to the coatings produced by other electrodeposition techniques (e.g., [20,21]), DHBT coatings are expected to have wide electrochemical applications.



In this paper, we combine the LCS and DHBT processes to manufacture an LCS/DHBT porous nickel structure and investigate the feasibility of this material as electrodes for the cyclic voltametric measurement of glucose. We measure the surface area of the samples and establish the relationship between the current and glucose concentration when they are used as electrodes. We also study the effect of the scan rate in the cyclic voltammetry measurement. We compare the LCS/DHBT porous nickel with other Ni-based enzyme-free glucose sensors in terms of sensitivity and linearity of detection (LOD) and discuss its suitability for use as non-enzyme glucose sensors.




2. Experimental


Porous nickel substrates with a porosity of 80% and a pore size range of 710–1000 μm were manufactured by the LCS process as described in [17]. The nickel powder (99.9%) was supplied by Tianjiu Ltd., Changsha, China, and has spherical particles with a size range of 45–75 μm. The potassium carbonate powder (99.0%) was supplied by E&E Ltd., Australia, and has spherical particles with a size range of 710–1000 μm. The Ni and potassium carbonate powders were prepared at a volume ratio of 1:4, which would give the final porous Ni sample a porosity of 80%. The two powders were mixed thoroughly, poured into a cylinder mold, and compacted at 200 MPa by a hydraulic press to form a preform. The preform was sintered in a furnace at 850 °C for 4 h. It was then soaked in hot water to eliminate the potassium carbonate to form a porous Ni sample, which was cut into cuboids (4 × 5 × 6 mm) to serve as substrates.



A thin porous nickel film was electrodeposited on each of the LCS porous nickel specimens by the DHBT method as described in [18,19]. A three-electrode configuration was used in the deposition process, which was driven by a potentiostat (Autolab PGSTAT 101). The LCS porous nickel substrate served as the working electrode, a 10 cm Pt coil was used as the counter electrode, and a saturated calomel electrode (SCE) was employed as the reference electrode. The electrodeposition process was carried out in a 50 mL electrolytic tank at room temperature. The electrolyte contained 0.2 M acetate nickel (99.9%) and 0.5 M ammonium chloride (99.5%), which were supplied by Simga-Alrich Co. Ltd, Gillingham, UK. It was degassed by aerating with plenty of nitrogen gas. The distance between the electrodes is kept at 20 mm. The deposition potential was −1.7 V vs. SCE and the deposition time was 300 s. The as-produced LCS/DHBT porous nickel sample was cleaned with plenty of distilled water and ethanol. To avoid damage to the sample, no ultrasonic cleaning was carried out. The fully cleaned and dried sample was observed by an optical microscope and a scanning electron microscope (SEM) and characterized by Energy-Dispersive X-Ray Spectroscopy (EDX).



The electroactive surface area of the LCS/DHBT porous nickel samples was measured in a three-electrode electrochemical system (Autolab PGSTAT 101) by the peak current method [22,23,24]. The working electrode was the porous Ni sample, the reference electrode was a Saturated Calomel Electrode (SCE, +0.241 V vs. a standard hydrogen electrode), and the counter electrode was a platinum wire electrode. The electrolyte was 1 mM K4[Fe(CN)6] in a 0.1 M KOH solution, which was de-aerated with argon for 5 min before the measurement. The potential window was from −0.1 to 0.4 V vs. SCE and the scan rate range was from 25 to 300 mV/s. The anodic peak appeared at approximately 0.25 V, as shown in Figure 1. The electrochemical reaction during the scan was in the form of:


     [  F e    (  C N  )   6   ]    4 −   ⇆    [  F e    (  C N  )   6   ]    3 −   +  e −   



(4)







The electroactive surface area of the porous nickel samples was calculated from the peak current by the Randles Sevcik equation [24,26]:


   i p  = 0.4463 n F A C    (    n F v D   R T    )     1 2     



(5)




where n is the number of electrons transferred in the redox process, A is the active surface area, C is the concentration of the ferrocyanide in the bulk solution,  v  is the scan rate, D is the diffusion coefficient of the ferrocyanide in the electrolyte (D = 6.4 × 10−6 cm2/s), F is the Faraday constant, R is the gas constant, and T is temperature.



The glucose measurement performance of the LCS/DHBT porous nickel samples was characterized in the same three-electrode electrochemical system (Autolab PGSTAT 101) by the cyclic peak current method. The electrolyte was a 0.1 M KOH background solution, and the concentration of glucose was changed from 10 μM to 500 μM in a step of 50 μM and increased until a peak current could not be obtained. The sweep potential window was from −0.2 to 1 V and the scan rate was in the range of 25 to 300 mV/s. The anodic peak current was measured at each glucose concentration.




3. Results and Discussion


3.1. Surface Morphology and Surface Area


Figure 2 shows the microstructure and surface morphology of the LCS and the LCS/DHBT porous nickel samples. The optical micrographs show that both samples show interconnected macro pores. The only difference is that the LCS sample exhibits smooth and shiny metal particles (Figure 2a) while the LCS/DHBT sample has a matte surface, even inside the inner pores (Figure 2b). The SEM micrograph of the LCS/DHBT sample (Figure 2c) shows that the DHBT deposit is composed of cauliflower-like nickel particles, many spherical dimples, and a large number of fine pores. The pores and dimples are in the size range of 1–25 μm. The porosity is estimated to be above 80% from observations, which generally agrees with the measured values reported in [27].



Figure 3 compares the morphology and the composition of the LCS/DHBT porous Ni electrode before and after glucose measurement, showing that there is no significant change in the morphology and composition.



The electroactive surface area of the LCS/DHBT porous nickel sample is measured to be 9.11 cm2, while that of the LCS porous nickel sample of the same size is 7.46 cm2. The DHBT coating has a moderate effect on the electroactive surface area compared to the LCS substrate, with an increase of less than 20%. This is because, although the DHBT coating has a nanostructure and an associated high real surface area, some of the features in the coating are smaller or comparable to the thickness of the diffusion layer and cannot be detected using the peak current method [22,23].




3.2. Effect of Scan Rate on Current-Potential Profile


Figure 4 shows the cyclic voltammograms of the nickel plate, the LCS porous nickel, and the LCS/DHBT porous nickel electrodes in a solution of 0.1 M KOH containing 0.5 mM glucose at scan rates in the range of 25–300 mV/s. The anodic peak occurs at a potential in the range of 0.4 to 0.8 V vs. SCE. The occurrence of the peak is due to the redox reaction of the Ni2+/Ni3+ couple on the surface of the electrode (Reactions (1)–(3)). The nominal peak current densities for the plate, the LCS, and the LCS/DHBT electrodes are in the ranges of 0.314–1.85, 1.92–5.57, and 3.43–13.94 mA/cm2, respectively. The nominal current density is calculated by dividing the current by the external surface area of the cuboid, not by the real surface area of the sample contributing to the reactions.



It is noted that the anodic peak potential shifts positively with an increasing scan rate. As the scan rate increases from 25 to 300 mV/s, the potential shifts for the nickel plate, the LCS porous nickel, and the LCS/DHBT porous nickel electrodes are 0.058, 0.097, and 0.295 V, respectively. The anodic potential shift is due to the polarization caused by the increasing scan rate. Many factors, including ohmic resistance in the three-electrode configuration, electromotive force, and the diffusional and electrochemical processes, can induce polarization [28]. The ohmic polarization caused by the ohmic resistance (inner resistance in the solution or the electrodes) is expressed by:


iR = φcathode − φanode − ΔV



(6)




where i is the current through the circuit, R is the ohmic resistance between the electrodes, φanode and φcathode are the potentials at anodic and cathodic peaks, and ΔV is the potential shift.



Figure 5 shows the anodic peak current density as a function of potential shift. The current density and potential shift have a good linear relationship, confirming that the potential shift is caused by the ohmic resistance.



Table 1 shows the anodic peak current density and potential of the plate, LCS, and LCS/DHBT nickel electrodes at different scan rates. The anodic peak current of the nickel plate electrode is in the range of 0.314 to 1.848 mA/cm2. The low current densities show that the amount of glucose taking part in the reaction is small. The potential shift of the nickel plate electrode, however, is small and within 0.06 V, showing that the hindrance to the glucose diffusion to the electrode surface is small. The uncertainties in the experimental results were analyzed by the propagation of the uncertainty method reported in [23,29]. The errors of the current measurements were estimated to be in the range of 0.07%–3.3%.



The anodic peak current density of the LCS porous nickel is in the range of 1.922 to 5.569 mA/cm2. It is higher than that for the nickel plate. However, the LCS porous nickel electrode has a high first-anodic-peak potential of 0.5 V at a slow scan rate of 25 mV/s, which is the highest among the three electrodes. A high potential indicates a high inner resistance. This is because the sintering necks formed between the nickel particles during the LCS manufacturing process and the oxides on the particle surfaces formed during the sintering result in the porous matrix having a lower electrical conductivity than a solid nickel. The potential shift of the LCS porous nickel electrode is only 0.09 V, which is similar to that of the Ni plate electrode. It shows that the LCS electrode has the same mode and rate of glucose mass transport to the electrode surface as the plate electrode.



The LCS/DHBT porous nickel electrode has the highest anodic peak current density, which is in the range of 3.428 to 13.94 mA/cm2. The high peak current densities indicate a large amount of gluconolactone (oxidized product of glucose) is formed. The LCS/DHBT electrode has a much higher first-anodic-peak potential of 0.48 V than that of the nickel plate. As the ohmic resistance of the electrolyte is the same for all three electrodes, a high anodic peak potential indicates a high inner resistance [28].



The LCS/DHBT porous nickel electrode has the largest potential shift of 0.3 V when the scan rate is increased from 25 to 300 mV/s. The increase in the potential shift is also the fastest among the three electrodes, indicating a fast increase in the ohmic resistance of the electrolyte with an increasing scan rate. The glucose diffusion from the bulk solution to the electrode surface is obviously hindered.



Figure 6 shows the variations of the andic peak current density with the square root of the scan rate for the plate, LCS, and LCS/DHBT porous nickel electrodes. The linear relationships show that the oxidation of glucose on the electrode surfaces is a diffusion-controlled process, i.e., the diffusion rate is the rate-determining step. The active species are transported to the surface of the electrode by the spontaneous concentration difference, and a diffusion layer between the bulk solution and the electrode surface is established [22].



In Figure 6, the LCS/DHBT electrode has the steepest slope, indicating a larger current density than the other two electrodes. In addition, its intercept at the y-axis is the highest, indicating that the electrode provides the best accuracy in the electrochemical measurement of glucose. The LCS porous nickel electrode has a moderate slope and its intercept at the y-axis is also higher than the plate electrode, showing that the LCS electrode has a higher reaction current than the nickel plate electrode under any given condition. The nickel plate electrode has the lowest slope and intercept among the three electrodes, which indicates a very limited accuracy of measurement. This means that nickel plate electrodes are not a good choice for the electrochemical measurement of glucose, especially when there are interferences from other species, such as ascorbic acid and uric acid, on the measurement [30].




3.3. Effect of Glucose Concentration on Peak Current and Peak Potential


Figure 7 shows the variations of the anodic peak current density and potential as a function of the glucose concentration for the nickel plate, LCS porous nickel, and LCS/DHBT porous nickel electrodes. Figure 7a shows that each current vs. concentration curve can be divided into several linear segments. At any given glucose concentration, the LCS/DHBT electrode has the highest current density, up to 2.5 times that of the plate electrode and 1.6 times that of the LCS electrode. This is because the LCS/DHBT electrode has a much higher real surface area and therefore a large number of active sites for the glucose oxidation reaction. It indicates that the LCS/DHBT electrode has excellent glucose detection performance.



Table 2 shows the slope and intercept of the linear segments of the current density vs. glucose concentration curves of the porous Ni electrodes shown in Figure 7a. For the LCS/DHBT porous nickel electrode, the slope becomes gentle after increasing glucose concentration to above 12 mM. This decrease in current is due to the local exhaustion of glucose. The LCS/DHBT electrode contains some large pores and many very small pores. While the large pores can serve as reservoirs to constantly supply the reactants, the reactants in the small pores can be easily exhausted before new reactants are transported to these pores.



Figure 7b shows that the potential shifts of the plate, LCS, and LCS/DHBT electrodes at a glucose concentration of 15 mM are 0.23, 0.32, and 0.5 V, respectively. The LCS/DHBT electrode has the highest potential shift and the greatest rate of increase with an increasing glucose concentration. The anodic peak potential shift is due to the increased concentration of the reaction products in the electrolyte, which increases the resistance of the solution.




3.4. Comparison with Other Nickel Electrodes


The key parameters to assess the performance of an electrochemical sensor are the limit of detection (LOD) and sensitivity. LOD is calculated by [31]:


  LOD =    k σ   b   



(7)




where k is the expansion factor (usually = 3), σ is the population standard deviation of the blank signals, and b is the slope of the signal/concentration functional relationship (the linear part of the current vs. concentration curve). Sensitivity is expressed by:


  Sensitivity =    change   in   the   anodic   peak   current       change   in   the   concentration     



(8)







Table 3 shows the linear ranges of the current vs. concentration curve, LOD, and sensitivity values of the plate, LCS, and LCS/GHBT nickel electrodes. The values of typical nickel electrodes in the literature are also listed for comparison. It shows that the LCS/DHBT and LCS porous nickel electrodes have good linear ranges and high sensitivity as Ni-based non-enzyme electrodes for electrochemical glucose detection.



The LOD values of the plate, LCS, and LCS/DHBT nickel electrodes are in the ranges of 0.49–7.13, 0.53–4.29, and 0.66–2.91 μΜ, respectively. The sensitivity values are 1724, 2651, and 5775 μA/cm2mM, respectively. The LCS and LCS/DHBT nickel electrodes have excellent electrocatalytic performance for glucose measurement in terms of the LOD and sensitivity, compared to the nickel plate electrode. This is because they have highly effective surface areas and highly porous structures in electrochemical measurement [23]. The LCS/DHBT porous nickel electrode, in particular, has micron- and even nano-scale nickel particles on the surface (see Figure 3a), which provides superior electrochemical properties compared to those electrodes with smooth surfaces. At the same time, the macro pores in the structure provide pathways to facilitate the mass transfer of the reactants and products to the surface of the electrolyte.



Compared to the Ni-based sensors reported in the literature, the linear detection range of glucose of the LCS/DHBT porous Ni used in this study is excellent. As we discussed above, the peak current of the glucose oxidation is hard to distinguish if it overlaps with other reactions, e.g., oxygen evolution reaction. The samples used in this study have a broad potential difference between the potential of glucose oxidation and that of oxygen evolution reaction with a slow positive potential shift, which overlaps until a high glucose concentration is reached. The LOD of the LCS/DHBT porous Ni is comparable to the other Ni-based Ni sensors. However, the LCS/DHBT porous Ni has a high sensitivity to glucose concentration detection. Even in the solution with a high glucose concentration, where the sensitivity is reduced markedly, the sensitivity of the LCS/DHBT porous Ni is higher than many other Ni-based sensors.



The LCS/DHBT porous Ni electrode was stored in air at room temperature for three days after the glucose measurements and was then re-used to measure the current in solutions with different glucose concentrations. There were no significant changes in the measured values, showing that the LCS/DHBT porous Ni has good long-term stability. While the SEM and EDX observations showed that there are no changes in surface morphology and composition after the measurements, more accurate characterization techniques, e.g., Raman spectroscopy [42,43], may be required to confirm this.



In summary, the LCS/DHBT porous Ni electrode is a relatively low-cost material with a unique porous structure, which offers many advantages. The large pores of the LCS porous structure allow the electrolyte to access the metal matrix inside the electrode, providing a fast transport of electrolyte and increasing the reaction current [22,23]. The small pores and fine features in the DHBT coating generate a large surface area, which provides a large number of active sites for reaction and increases the reaction current density. For glucose detection, it means increased sensitivity and accuracy. Therefore, the LCS/DHBT Ni electrode can serve as a non-enzyme glucose sensor capable of continuous glucose detection. It also has great potential for applications in other medical and electrochemical devices.





4. Conclusions


An LCS/DHBT porous nickel with both macropores (710–1000 μm) and microscale pores (1–25 μm) has been produced by combining the LCS and DHBT processes. The as-fabricated porous nickel has an electroactive surface area 1.18 times that of the LCS porous nickel. The anodic peak current densities for the nickel plate, the LCS porous nickel, and the LCS/DHBT porous nickel electrodes, in an electrolyte of 0.1 M KOH containing 0.5 mM glucose at scan rates in the range of 25–300 mV/s, are in the ranges of 0.314–1.85, 1.92–5.57, and 3.43–13.94 mA/cm2, respectively. Increasing the scan rate results in a higher current density and a larger anodic peak potential shift. Current density increases with glucose concentration in several linear segments. The sensitivities of the plate, the LCS, and the LCS/DHBT nickel electrodes in the glucose measurement are 1724, 2651, and 5775 μA/cm2mM, respectively. Their respective LOD values are in the ranges of 0.49–7.13, 0.53–4.29, and 0.66–2.91 μΜ. The LCS/DHBT nickel electrode shows excellent performance for glucose measurement because of its highly effective surface area.
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Figure 1. A typical current-potential plot of redox reaction of ferrocyanide [25]. 
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Figure 2. Micrographs of (a) the LCS (optical, cross-section), (b) the LCS/DHBT (optical, cross-section), and (c) the LCS/DHBT (SEM, surface) porous nickel samples. 
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Figure 3. SEM graphs and EDX spectra of LCS/DHBT porous Ni before (a,b) and after (c,d) glucose measurement. 
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Figure 4. Cyclic voltammograms of (a) the plate nickel, (b) the LCS porous nickel, and (c) the LCS/DHBT porous nickel electrodes in the solution of 0.1 M KOH and 0.5 mM glucose at scan rates of 25–300 mV/s. 
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Figure 5. Relationship between anodic peak current density and potential shift for the plate, LCS, and LCS/DHBT nickel electrodes. 
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Figure 6. Variations of current density with the square root of scan rate for the plate, LCS, and LCS/DHBT nickel electrodes. 
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Figure 7. (a) Anodic peak current density and (b) potential as a function of glucose concentration for the plate, LCS, and LCS/DHBT nickel electrodes. 
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Table 1. Anodic current density and potential for plate, LCS, and LCS/DHBT nickel electrodes at different scan rates.
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Scan Rate(V/s)

	
Plate

	
LCS

	
LCS/DHBT




	
Current Density

(mA/cm2)

	
Potential

(V)

	
Current Density

(mA/cm2)

	
Potential

(V)

	
Current Density

(mA/cm2)

	
Potential

(V)






	
0.025

	
0.314 ± 0.0002

	
0.42

	
1.922 ± 0.009

	
0.50

	
3.428 ± 0.028

	
0.48




	
0.05

	
0.546 ± 0.0007

	
0.43

	
2.474 ± 0.014

	
0.52

	
5.09 ± 0.062

	
0.52




	
0.1

	
0.885 ± 0.002

	
0.44

	
3.363 ± 0.027

	
0.54

	
7.597 ± 0.137

	
0.58




	
0.15

	
1.176 ± 0.003

	
0.45

	
4.013 ± 0.038

	
0.55

	
9.448 ± 0.212

	
0.64




	
0.2

	
1.436 ± 0.005

	
0.46

	
4.762 ± 0.054

	
0.57

	
11.22 ± 0.298

	
0.70




	
0.25

	
1.644 ± 0.006

	
0.47

	
5.094 ± 0.062

	
0.58

	
12.84 ± 0.398

	
0.73




	
0.3

	
1.848 ± 0.008

	
0.48

	
5.569 ± 0.074

	
0.59

	
13.94 ± 0.459

	
0.78
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Table 2. Linear ranges of the current density vs. glucose concentration curves of the plate, LCS, and LCS/DHBT porous Ni electrodes and their slopes and intercepts.
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Ni Electrodes

	
Linear Range (mM)

	
Slope

	
Intercept

	
R2






	
Ni plate

	
0–1

	
0.63

	
1.13

	
0.953




	
2–15

	
0.34

	
1.88

	
0.992




	
LCS porous Ni

	
0–1

	
1.19

	
1.50

	
0.987




	
1–6

	
0.67

	
2.09

	
0.995




	
4–15

	
0.46

	
3.16

	
0.993




	
LCS/DHBT porous Ni

	
0–1

	
2.34

	
3.92

	
0.970




	
1–6

	
1.14

	
4.81

	
0.996




	
4–12

	
0.94

	
5.88

	
0.997




	
12–15

	
0.33

	
13

	
0.953
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Table 3. Comparison of electrochemical properties of Ni-based electrodes for non-enzymatic glucose measurement.






Table 3. Comparison of electrochemical properties of Ni-based electrodes for non-enzymatic glucose measurement.





	
Material

	
Linear Range

(mM)

	
LOD

(μM)

	
Sensitivity

(μA/cm2mM)

	
Reference






	
Ni nanospheres/RGO

	
0.001–0.11

	
N/A

	
813

	
[32]




	
Ordered Ni nanowire arrays

	
0.0005–7

	
0.1

	
1043

	
[33]




	
3D porous Ni networks

	
0.0005–4

	
0.007

	
2900

	
[34]




	
Ni-MWCNT

	
3.2–17.5

	
0.98

	
67.19

	
[13]




	
Ni nanoflake/Ti plate

	
0.05–0.6

	
1.2

	
7320

	
[35]




	
NiO microfiber/FTO

	
0.001–0.27

	
0.033

	
1785.41

	
[36]




	
Ni nanoparticle/C fiber mixture

	
Up to 2.55

	
1

	
420.4

	
[37]




	
Ni nanoparticle

	
0.001–1

	
0.05

	
1438

	
[38]




	
Ni foam

	
0.05–7.35

	
2.2

	
N/A

	
[39]




	
Ni nanoparticle on porous GF

	
0.015–6.45

	
4.8

	
207.3

	
[40]




	
Ni nanoparticle on porous Si

	
0.002–5

	
0.2

	
N/A

	
[41]




	
Ni plate

	
0–1

	
0.49

	
1724

	
This work




	
2–15

	
7.13

	
568




	
LCS porous nickel

	
0–1

	
0.53

	
2651

	
This work




	
1–6

	
2.15

	
1374




	
4–15

	
4.29

	
839




	
LCS/DHBT porous nickel

	
0–1

	
0.43

	
5775

	
This work




	
1–6

	
1.83

	
2781




	
4–12

	
2.91

	
1686




	
12–15

	
0.66

	
1297








Note: RGO—reduced graphene oxide, MWCNT—multiwalled carbon nanotubes, FTO—fluorine tin oxide, GF—graphene foam.
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