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The current focus of electrochemical glucose sensors is on second-generation enzyme biosensors, i.e.
portable glucose meters. This sensor uses an active biological enzyme's specific action to catalyze
glucose oxidation to produce a current signal for detection purposes. The glucose oxidase enzyme used
in this method is biologically active and, therefore, can significantly impact accuracy and produce errors
in some environments. Also, when vitamin C, dopamine, and uric acid are outside the normal range for
the body, they can interfere with the results. Therefore, it has become a hot research topic to try to study
an enzyme-free sensor with less influence on external factors. In this work, a Ni(OH)./C electrode was
prepared by the pressed sheet method, and its detection system was evaluated. The results demonstrate
that this enzyme-free electrochemical sensor can detect glucose linearly between 1 mM and 11 mM.
Meanwhile, this work investigated the practicality of this enzyme-free electrochemical sensor by
comparing three commercially available portable glucose meters.
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1. INTRODUCTION

With the improvement of people's living standards and the change in living environment, the
number of people with diabetes is increasing yearly. Various acute and chronic complications caused by
disorders of glucose metabolism pose a significant risk to human health. Blood glucose monitoring is an
important part of diabetes management [1,2]. Blood glucose monitoring provides a better understanding
of the patient's blood glucose changes and assesses the extent of the patient's glucose metabolism
disorders [3]. This can be used to develop a rational glucose-lowering regimen, thus reducing the
incidence of acute and chronic complications and morbidity and mortality in diabetic patients. Blood
glucose testing is available in the laboratory with large automatic biochemical analyzers and portable
glucose meter measurement methods [4—6]. The automated biochemistry analyzer determines venous
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plasma or serum glucose results with accurate and reliable results with a high degree of precision and
accuracy. However, because of its long testing time, complicated operation and cumbersome process,
the automatic biochemical analyzer is not suitable for long-term glucose monitoring of patients [7,8]. A
portable blood glucose meter has been widely used in the clinic and patients' families because of the
advantages of convenience, speed, simple operation, and ease to grasp [9,10].

Portable glucose meters at this stage are enzyme-containing glucose electrochemical biosensors.
However, as a type of electrochemical biosensor, the stability of the enzyme glucose sensor is influenced
by the intrinsic enzyme is a drawback that is difficult to overcome as far as [11,12]. The activity of
enzymes is also affected by temperature, pH of the solution, and toxic chemicals. Once the enzyme is
affected by these, its biological activity decreases rapidly, eventually leading to a decrease in stability
[13-15]. Therefore, developing enzyme-free electrochemical sensors is a challenge for portable glucose
meters. It is also known that the relatively poor performance of enzyme-free sensors against interferences
such as urea, uric acid, and ascorbic acid interferes with the analysis of biological samples and gives a
false positive/negative result is also an important factor that hinders their development [16]. Enhancing
the selectivity of electrodes has always been a significant challenge. To solve this problem, various
materials have been fabricated as electrode surfaces or as electrode materials [17-19]. Some metal oxides
and precious metals, such as gold, nickel hydroxide, porous copper oxide nanoparticles, manganese
dioxide carbon nanotube composites, cobalt oxide, nickel oxide, and multi-walled carbon nanotubes, are
commonly used in current-based glucose sensors [20].

According to current literature reports, Ni metal has the advantages of high stability and good
reversibility, but the sensitivity is relatively low [21-24]. Since the Kinetic reaction process of glucose
and other interfering substances on the electrode surface is different, glucose is mainly controlled by the
electrochemical reaction process, so this work chooses Ni metal with catalytic performance and good
redox activity as the active material, together with carbon powder with excellent conductivity and more
stable as the dispersion carrier [25-27]. This work increased the contact between the active substance
on the electrode surface and the electrolyte by adding electron transfer channels on the electrode surface,
thus increasing the sensitivity of glucose detection and reducing the error rate caused by the current
response of interfering substances. Meanwhile, this work compared the prepared enzyme-free
electrochemical sensor with a commercially available glucose meter.

2. EXPERIMENTAL

2.1. Reagents and instruments

Ni(OH)2, KOH, acetylene black, glucose, and ammonium nitrate were purchased from Shandong
West Asia Reagent, Tianjin Jinke Fine Chemical Research Institute, Cabot Ltd, Tianjin Guangfu Fine
Chemical Research Institute, and Tianjin Huadong Reagent Factory, respectively.
Polytetrafluoroethylene emulsion was purchased from Shanghai Hesen Electric Co., Ltd. with 60% mass
fraction. Nickel foam is from Changsha Liyuan New Material Co., Ltd. with a purity of 99.5 wt%.
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2.2. Preparation of electrode

(1) Pressing of electrodes: A certain amount of Ni(OH)2 and 0.2 g of NH4NO3 were dispersed
into 2 mL of a mixture of ethanol and water, then 0.2 g of polytetrafluoroethylene emulsion was added
dropwise to this system. This mixture was then ultrasonically mixed well and added dropwise to 0.4 g
of acetylene black. The already infiltrated acetylene black becomes a monolithic block by stirring, and
this solid is rolled into a carbon sheet with a thickness of about 100-120 pm.

(2) Firing of electrodes: Starting from room temperature with a heating rate of 2°C/min to 120°C,
the constant temperature was maintained for 2 h and naturally cooled down to room temperature to obtain
Ni(OH)./C composites.

(3) Electrode pressing: The Ni(OH)./C composite sheet is cut into two carbon sheets of the same
area and then placed on both sides of nickel foam with nickel foam in a sandwich structure and pressed
together at 10 MPa.

The masses of Ni(OH). added were 0.1, 0.15 and 0.2 g, and the mass ratios to carbon were 2:8,
3:8 and 4:8, respectively, named Ni(OH)2/C-1, Ni(OH)2/C-2 and Ni(OH)./C-3.

2.3. Detection of glucose

The glucose sensors were performed in 1, 3 and 6 M KOH solutions at a constant potential of
0.48 V. After the current is stabilized, a specific concentration of glucose solution is added every 20 s.
The potential of the glucose solution was kept constant at 0.37, 0.39, 0.42, 0.48, and 0.55 V in 1 M KOH
solution. The standard addition method has been applied to test the proposed electrochemical sensor and
four commercially available glucose meters.

2.4. Information on commercially available electrochemical glucose meters

Three portable glucose meters were used for feasibility testing.

(1) Meter 1: The analytical principle used in this instrument is the glucose dehydrogenase
electrochemical method. Detection range is 0.6-33.3 mM; sample blood volume is 0.6 uL; detection time
is5s.

(2) Meter 2: The instrument adopts the analytical principle of the glucose dehydrogenase
electrochemical method. Detection range is 1.1-27.8 mM; sample blood volume is 0.6 uL; detection time
IS5s.

(3) Meter 3: The instrument adopts the analytical principle of the glucose oxidase electrochemical
method. The detection range is 1.1-33.3 mM; sample blood volume is 0.5 uL; detection time is 5 s.

3. RESULTS AND DISCUSSION

For electrodes made by mechanical pressing, the conductivity of the electrode surface and the
adequacy of the contact between the active substance and the electrolyte determine the detection
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performance of the electrode [28,29]. Therefore, it is particularly important to observe the electrode
morphology, the pore distribution, and the loading of Ni(OH).. The SEM images of the electrodes are
shown in Figure 1. It can be observed that the presence or absence of Ni(OH)2 has a specific effect on
the morphology of the electrode surface [30—-32]. The surface of the electrode in the presence of Ni(OH):
iIs significantly finer than that of the electrode without Ni(OH)2, and the surface of the electrode is closely
and uniformly distributed with pore channels of about 150 nm in diameter connected by carbon particles.
The pore structure is more conducive to the contact between Ni(OH). on the carbon surface and the
electrolyte, thus providing the electron transfer channel required for the rapid reaction of Ni(OH).. This
allows the active material per unit area to oxidize more glucose per unit time and generate the
corresponding electrochemical signal. The use of Ni(OH)2/C composites as electrodes for detecting
glucose has been reported [33]. Previous reports have also demonstrated that this material is a very
promising electrode material that can be used to assemble of electrochemical sensors. In this work, the
proposed sensor is not only characterized by morphological properties. The proposed sensor was also
compared with a wide available glucose meter to verify its feasibility.
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Figure 1. SEM image of (A) carbon electrode and (B) Ni(OH)./C.

This work kept the additions of acetylene black, ammonium nitrate, and PTFE emulsion
consistent and varied the amount of Ni(OH).. The Ni(OH)./C-1, Ni(OH)./C-2, and Ni(OH)./C-3
electrodes, which were made with the mass ratio of Ni(OH)2 to carbon powder of 2:8 3:8 4.8, were pre-
activated by cyclic voltammetry (CV) in 1M KOH solution. The CV scan is used for activation of
electrode, so that the material on the electrode surface reaches a steady-state (no analyte was added to
the electrolyte). This is a standard electrode stability pretreatment for electrochemical sensors after
preparation. Then, the sensors' sensing performance was tested by adding different glucose
concentrations. The test results are shown in Figure 2. From the beginning of current stabilization, 100
uL of 500 mM glucose solution was added to the 50 mL electrolyte system every 20 s. The potential in
this experiment has been optimized. The specific optimization details are shown in Figure 4. As shown
figure, each addition of glucose causes a significant step in the current signal, and the current value will
reach dynamic equilibrium within 5 s. Typically, as the active substance Ni(OH)2 increases, its redox
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reaction generates a higher background current [34]. However, the conclusion from the experimental
results of constant potential oxidation of glucose at these three electrodes is that the current background
decreases with the active substance's increase [35,36]. This may be due to keeping the same amount of
emulsion, ammonium nitrate and toner added during the electrode fabrication process; the only thing
that changes is the amount of active substance [37]. When the mass of Ni(OH):2 is particularly small, the
pore size of the electrode surface is relatively large instead, which is more conducive to the conduction
of electrons. Moreover, the electrode’s resistance is low because of Ni(OH)'s poor conductivity. Thus,
when no glucose is added, relatively large currents can be generated at constant potential conditions [38].
When the background current is small, the net response current value generated when glucose is added
will be more pronounced, and the electrode will be more sensitive to glucose detection. Therefore,
combining the current background values with the net response current values generated when glucose
was added, a Ni(OH)./C-3 electrode with a mass of 0.2 g of active substance was chosen for the
following study.
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Figure 2. Chronoamperometry of Ni(OH)2/C-1, Ni(OH)2/C-2 ,Ni(OH)2/C-3 in 1 M KOH at 0.48 V with
addition of glucose (100 uL of 500 mM glucose solution each time).

Because an alkaline medium is a necessary medium for the oxidation of Ni(OH)2to NiOOH and
thus glucose, this work investigated the effect of different concentrations of KOH (1M, 3M, and 6M) on
the oxidation of glucose at the Ni(OH)./C electrode [39]. This work performed the chronoamperometry
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test at a constant potential of 0.48 V. 100 uL of 500 mM glucose solution was added dropwise to the 50
mL system every 20 s starting from the time of current stabilization for a total of 15 drops. The
experimental results are shown in Figure 3.

When the OH" concentration in the system increases, the background current of the electrode
increases. This may be due to the acceleration of the Ni(OH)>+OH —NiOOH+H,O+e reaction. As a
result, its blank redox reaction is gradually more pronounced, and the generated current signal is
gradually enhanced. However, the electrode is not only related to the OH™ concentration in the electrolyte
when detecting glucose but also to the mass transfer rate of glucose to the electrode surface [40]. When
the KOH concentration is too high, the resistance of glucose diffusion to the electrode surface is
enhanced. This causes a decrease in the amount of glucose reaching the electrode surface per unit time,
and therefore a decrease in sensitivity [41]. However, it is worth noting that the relative standard
deviation of the corresponding linear fit curve is closer to 1 when the OH" concentration in the electrolyte
Is higher for the same number of glucose additions.
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Figure 3. Chronoamperometry of Ni(OH)./C-3 electrode in 1M, 3 M and 6 M KOH electrolyte at 0.48
V with addition of glucose (100 pL of 500 mM glucose solution each time).

When an oxidation peak potential is applied to the working electrode, the divalent nickel ions in
the electrode will be oxidized to trivalent nickel ions at its oxidation peak potential, and a background
current will be generated at this time [42,43]. Because Ni is a powerful oxidizer, when glucose is added
to the system, part of Ni oxidizes the glucose to gluconolactone. It is reduced to Ni again, at which point
this reduced Ni continues to be oxidized to trivalent at the oxidation potential, resulting in a response
current. Therefore, the increase in response current is proportional to the amount of glucose added, and
the amount of glucose detected by the electrode can be obtained by calculating the change in response
current [44]. Based on the results of glucose sensitivity assays performed in different concentrations of
alkali environment, it is known that the sensitivity decreases with the increase of alkali concentration. It
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may be because the viscosity of the electrolyte increases when the KOH concentration is higher. Since
this electrode reaction is mainly controlled by diffusion, the viscosity of the electrolyte has a more
significant effect on the mass transfer when the stirring rate is certain. The linear correlation coefficient
increases with increasing electrolyte concentration because of the consumption of OH in the electrode
process [45]. Therefore, 1 M KOH was chosen as the electrolyte considering the effect of increasing OH
concentration on the reaction and the hindering effect on mass transfer.

This work further investigated the effect of test potentials on glucose detection. This work
selected 0.55 V, 0.48 V, 0.48 V, 0.37 V and 0.39 V for testing the electrode’s ability to oxidize glucose.
The results of the chronoamperometry are shown below in Figure 4. According to the above
experimental results, the linear correlation of the electrodes is poor at low potential (0.37 V, 0.39 V)
conditions. This is because the content of nickel ions plays a decisive role in the linear detection range.
When the concentration of OH" is fixed, the interconversion rate between Ni(OH)2 and NiOOH is slower
at lower potentials, making the whole reaction process when glucose is detected at low potentials
influenced by both mass transfer diffusion and electrochemical reaction rate [46]. On the contrary, at
higher potentials, Ni(OH)2 has a higher linear correlation due to the faster rate of oxidation to NiOOH.
However, when the potential is too high (above 0.48 V), the precipitation competition reaction starts to
be significantly larger than the oxidation reaction of Ni(OH), thus causing a sharp increase in the
background current and a smaller value of the oxidation response to glucose [47].

40 - —0.37V
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Figure 4. Chronoamperometry of Ni(OH)./C-3 electrode in 1M KOH electrolyte using 0.55 V, 0.48 V,

0.42 V, 0.37 V and 0.39 V as working potential with addition of glucose (100 uL of 500 mM
glucose solution each time)..
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Parallelism of electrodes is a prerequisite for the reliability of electrode test data and an important
performance indicator for whether the electrodes can be widely used. This work randomly selected three
Ni(OH)./C-3 electrodes made from the same batch and examined the differences in glucose detection
data between the three different Schein electrodes at a constant potential of 0.48 V in 1 M KOH solution.
Figure 5A shows the tested I-t curve, and Figure 5B shows the linear fit curve (current density-

concentration curve).
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Figure 5. (A) Chronoamperometry of three individual Ni(OH)./C-3 electrodes with the addition of
glucose in 1M KOH electrolyte at 0.48 V (1 mM each addition). (B) The relationship between
the concentration of glucose against the current.

Table 1. Comparison of Ni(OH)2/C-3 with previously reported glucose sensors.

Electrode Linear range LOD Reference
NiO nanofibers 0.002-0.60 mM 0.77 mM [48]
NiO/SCCNTs 0.002 to 2.2 mM 0.1 mM [49]

NiO nanosheets 0.0005 to 2.31 mM 0.145 uM [50]
NiC0,04 nanorods 0.001 to 0.88 mM 0.063 uM [51]
NiC0204 nanobelt/Ni | 0.0009 to 0.067 mM 0.9 uM [52]

foam

SiO2/GO/GCE 0 to 900 uM 0.03 uM [53]
Ni(OH)./C-3 1to 11 mM 0.6 mM This work

The information in the figure shows that there is no great difference in the response of the
electrodes to glucose when the number of drops of glucose added to the system is small (1 to 11 times).
The current density-glucose concentration of the three electrodes can be linearly related when the
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glucose concentration in the system ranges from 1 mM to 11 mM. The three electrodes started to show
significant differences when glucose was continued to be added dropwise until the concentration of
glucose in the system exceeded 11 mM. The detection limit can be calculated as 0.6 mM. The overall
analytical performance of the Ni(OH)2/C-3 was compared with the previous literature (see Table 1). It
can be seen that the proposed sensor is more competitive in the detection of high concentrations of blood
glucose.

This work further analyzed the blood glucose bias of the three medium enzyme-containing blood
glucose meters and our proposed enzyme-free blood glucose testing technique. The standard addition
method has been applied to test the feasibility of the proposed electrochemical sensor with commercial
glucose meters. The results are shown in Table 2. It can be seen from the above two tables that the
proposed Ni(OH)./C-3 is a very competitive electrochemical sensor, which is comparable to the
commercial glucose meter.

Table 2. Sensing performance of Ni(OH)2/C-3 with four blood glucose meter.

Sensor Found (mM) Added (mM) Found (mM) Recovery (%)
Ni(OH)./C-3 2.71 1.00 3.73 100.54

Meter 1 2.68 1.00 3.72 101.09

Meter 2 2.72 1.00 3.79 101.88

Meter 3 2.68 1.00 3.65 99.18

4. CONCLUSION

This work prepared Ni(OH)2/C composite electrodes with multi-pore channels by choosing Ni
metal with catalytic properties and good redox activity as the active material by the pressed sheet method.
The electrode can detect blood glucose as an enzyme-free electrochemical sensor. The electrode has
good linearity and sensitivity at a detection potential of 0.48 V in 1 M KOH solution. The proposed
enzyme-free electrochemical sensor was used with three portable glucose meters to measure fixed fasting
and 2-hour post-glucose load glucose. The results showed a good correlation between the enzyme-free
electrochemical sensor and biochemical analyzer results, indicating the potential of this enzyme-free
sensor for practical applications.
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