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Three dimensional (3D) interconnected materials paid much attention in various field due to their
significant electrical and catalytic properties. Here, 3D Ni-TiO2 nanocomposite was prepared by wet
impregnation method. The structure and morphology of the prepared 3D Ni-TiO, were characterized
by scanning electron microscopy and electrochemical techniques, namely cyclic voltammetry and
amperometry for non-enzymatic detection of glucose. The Ni-TiO, nanocomposite electrode showed
excellent electrocatalytic activity towards the electro-oxidation of glucose molecule in an alkaline
medium. The sensitivity was 844.85 pA mM™ cm2 with selectivity towards the detection of glucose in
the presence of interferences such as uric acid, ascorbic acid, and dopamine. The sensor was also used
to determine the glucose in human blood serum samples.
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1. INTRODUCTION

Fast, quantitative, and reliable method for glucose monitoring is important in the field of
biotechnology, clinical diagnostics, and food industry [1, 2]. Clark proposed the first enzymatic
glucose biosensor in 1962 [3] that attracted significant attention in diabetes field. Conventional glucose
sensors are based on an enzymatic reaction, in which glucose oxidase acted as a catalyst for the
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oxidation of glucose to gluconolactone that showed high sensitivity and selectivity towards the glucose
molecule. However, this sensor method shows some disadvantages including their high cost, poor
stability and complicated enzyme immobilization procedure. Also, the intrinsic nature of enzymes is
easily affected by temperature, pH, humidity and toxic chemicals [4, 5]. To solve these limitations,
non-enzymatic glucose sensors has been proposed, which provided long term stability, rapid response
and excellent sensitivity. Further, these electrochemical glucose sensor exhibits significant potential to
selectively detect glucose molecule in blood samples, even in the presence of interfering molecules
such as uric acid, ascorbic acid and dopamine [6]. Afterwards, it was discovered that the electro-
oxidation of glucose depends extremely on the electrode materials, their crystalline orientation and the
electrode surface. These have also been a determining factor for a non-enzymatic glucose sensor.

Different type of electrodes such as involving precious metals Pt, Au [7,8], transition metals
Ni, Co, Cu [9-12], and their metal oxides NiO, CoO., CuO, MnO: [13-17], have been previously
reported for non-enzymatic glucose detection. Additionally, because of the increased cost of the noble
metals and easy poisoning of their surface, their importance in glucose sensing is restricted. Among
these, Ni based electrode had been demonstrated as a promising material for non-enzymatic glucose
sensors in alkaline medium [18]. It has effective electrocatalytic activity, low cost, most abundant, and
highly electrically conductive property. In addition, different strategies have been reported to prepare
nickel electrode material for electrochemical glucose sensing [19-22]. On the other hand, electrode
dimension plays an important role for the detection of glucose. A three-dimensional permeation
network of electrode fabrication provided an efficient electronic path way, effective mass transport and
ion transport [23]. 3-D electrode material gives a large surface area and more reaction active sites than
compared with 1-D and 2D structure electrode material. In recent days, Ni foam is widely exploited in
energy efficient applications. Numerous nanomaterials including CosOa/graphene, N-doped carbon
nanotubes, polyaniline, nanoporous gold film and Pd nanoparticles had been effectively incorporated
on 3D Ni foam and used for supercapacitor, Li-ion battery, zinc battery, H>O2 sensor, respectively [24—
28]. Moreover, 3D porous Ni and FeS deposited Ni foam electrodes were also reported and used as a
counter electrode in quantum dots solar cell application [29,30].

As metal nanoparticles have large surface area and intrinsic electrocatalytic properties, it was
widely used as a modifier for glucose detection. Homogeneous distribution of nickel nanoparticles on
the surface of straight multi-walled carbon nanotubes through in situ precipitation procedure and
investigated for non-enzymatic glucose sensor [31]. TiO2 nanotube arrays evenly modified by Ni-Cu
nanoparticles were prepared by a potential step method for the application of glucose sensor [32].
Owing to the excellent conductivity, good chemical stability, large surface to volume ratio, high
adsorption capacity and eco-friendliness, TiO. nanoparticles have been utilized as a nanoparticle
support for non-enzymic glucose sensor. Recently, nickel associated with TiO, nanotubes and
nanowires based composite materials are developed by several methods, for instance, Yu and co-
workers [18] studied the anodization of Ti foil followed by pulse electrodeposition of Ni nanoparticles
for the non-enzymatic glucose sensor. Guo and co-workers [33] fabricated Ti-TiO2 nanowires on Ti
foil followed by electrodeposition of CdS and Ni nanoparticles for high performance non-enzymatic
glucose sensor. Longwei group [34] also prepared Ti/TiO, NTA/ Ni composite electrode via anodic
oxidation for electrochemical glucose sensors. All these methods are time consuming processes.
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Hence, in this article, the authors report a simple and rapid preparation of 3D Ni-TiO. nanocomposite
electrode material and applied for the detection of glucose. 3D Ni-TiO2> nanocomposite electrode
showed excellent electrocatalytic activity towards glucose oxidation, which also exhibited greater
selectively to detect glucose molecules even in the presence of potential interfering species.

2. EXPERIMENTAL

2.1. Preparation of Ni-TiO2 nanocomposite electrode

All chemicals were of analytical grade and used without further purification. The solutions
were prepared using Millipore water. Ni-TiO, nanocomposite foam was prepared by wet impregnation
method as follows: TiO2 nanoparticle was prepared as described elsewhere [35] and was used in this
work. 10 mg of TiO2 nanoparticle precursor was suspended in 1 mL of 5 wt% Nafion with 10 mL
water. This solution was ultrasonicated for 30 minutes. The Ni foam electrode area was 1xlcm?.
Before impregnation, it was pre-treated with acetone and ethanol for 2 minutes, then oxide layer was
removed by dipping in 1 M HCI for 2 minutes. Later, the electrode was immersed in the ultrasonicated
precursor solution with stirring for 15 minutes, then dried and used.

2.2. Characterization and electrochemical measurements

The surface morphology of Ni-TiO2 nanocomposite foam and elemental composition were
characterized using scanning electron microscope and energy dispersive X-ray spectrometer (SEM &
EDAX: Hitachi, model 3000H) at an applied potential 15 kV. Electrochemical technique such as cyclic
voltammetry and amperometry were used to investigate the redox behaviour of the modified three-
dimensional electrodes and to perform glucose sensing experiments. Electrochemical measurements
were carried out using Auto lab PGSTAT 30 with a three-electrode system including Ni-TiO>
nanocomposite electrode as a working electrode, platinum plate as a counter electrode and Ag/AgCl as
reference electrode.

3. RESULTS AND DISCUSSION

3.1 Materials characterization

Elemental distribution of Ni-TiO> nanocomposite was examined by EDAX (Fig. 1) which
clearly indicates that TiO> nanoparticle was incorporated on three-dimensional bridging Ni foam. The
nanocomposite is estimated to be 1.3 wt% of TiO2 nanoparticle. Ni foam has advantages in terms of
3D open pore structure with high surface area, electronic conductivity and strong absorbing ability,
suggesting it to be a good support for electrocatalytic material. Fig.2 revealed the surface morphology
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of Ni and Ni-TiO2 nanocomposite foam. TiO2 nanoparticles absorbed by Ni foam and it mostly appear
at the corner of the grid. Here, Ni showed pyramidal structure.
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Figure 2. SEM image of (a) Ni foam at 100x. (b) Ni-TiO2 nanocomposite foam at 100x (c) and (d) Ni-
TiO2 nanocomposite foam at 5K magnification.
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3.2 Electrochemical performance of Ni-TiO2 nanocomposite foam electrode

To investigate the electrochemical performance of the Ni-TiO2 nanocomposite foam electrode,
cyclic voltammetry was employed over a potential range from +0.1 to +0.75 V.
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Figure 3. Cyclic voltammograms for Ni-TiO2 nanocomposite and bare Ni foam electrode response (a)
without (b) with glucose in 0.1M NaOH solution at 200mVs™.
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Table 1. Cyclic voltammetry parameters for bare Ni foam and modified Ni-TiO2 nanocomposite foam
electrode without and with glucose.

Electrode Without glucose With glucose
Epa Ipa Epa Ipa
Bare Ni foam 0.436V 5.307X10°A 0.478V 5.830X10°A
electrode
Ni-TiO2
nanocomposite 0.360V 6.766X10°A 0.394V 16.25X103A

foam electrode

As depicted in Fig. 3, the cyclic voltammograms of the bare Ni foam electrode and NiTiO>
nanocomposite foam electrode (a) without and (b) with glucose in 0.1 M NaOH solution at a scan rate
200 mVs? (vs. Ag/AgCI). A pair of well-defined redox peaks with anodic peak potential (Epa) at 0.360
V corresponding to the cathodic peak potential (E,) at 0.23 V were observed on Ni-TiO:
nanocomposite foam electrode. The current and potential for bare Ni foam and modified Ni-TiO>
nanocomposite foam electrode were summarized in Table 1. As seen in Fig. 3(a), anodic peak potential
of bare occurred at 0.436 V, later it is shifted into 0.360 V while incorporating the TiO2 nanoparticles
on Ni foam. This is due to the n-type characteristics of TiO> nanoparticle having high specific surface
area and well aligned nanostructure. Also, the observed Ni-TiO2 nanocomposite anodic peak current
(i) 5.830X10° A was higher than the bare Ni foam (ipa) 5.307X10° A electrode. These results
indicate that TiO2 nanoparticle enhances the electrocatalytic activity of Ni-TiO2 nanocomposite. Under
the alkaline conditions, Ni (0) was associated with OH" ions and generated Ni (II) ions. It was further
proceeded by the oxidation of Ni(Il)/ Ni(Ill) redox couple as revealed in Fig. 3(a) at Epa= 0.360 V vs.
(Ag/AgCI) and described in Eq (1) and (2).

The electrochemical reactions of the Ni(11)/ Ni(l1l) peaks followed [29];

Ni +20H — Ni(OH); + 2e (1)
Ni(OH); + OH° — NIiOOH +H0 +e¢ (2)

Fig. 3(b) revealed the electrocatalytic activity of the Ni-TiO2 nanocomposite electrode towards
glucose oxidation. The as-prepared Ni-TiO2 nanocomposite structure was mechanically and chemically
stable. It has fine groove like skeleton with high porosity which helped to increase the active surface
area and allowed rapid glucose transport with large surface area of TiO2 nanoparticle to increase the
number of active sites of the Ni (I1l) formation. When the glucose solution was added, remarkable
increase of the oxidation current was observed. This is attributed to the electro-oxidation of glucose to
gluconolactone by the as-formed Ni (I11), as shown in Eq (3).

Glucose + NiOOH — Ni(OH). + Gluconolactone (3)
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Once the Ni(lll) species was produced by the electrode, it rapidly oxidizes glucose at the
anodic potential (Epa) sacrificing Ni(Ill) and producing reduced Ni(ll) species at the cathodic sweep
potential (Epc), which in turn it was further oxidized under the anodic voltage. In addition, the
electrocatalytic activity of Ni-TiO> nanocomposite toward various concentration of glucose was
examined by cyclic voltammetry in 0.1 M NaOH solution at a scan rate 200 mVs™. Upon increment in
glucose concentration, the significant enhancement was noticed in anodic peak currents associated
with the positive shifts in anodic peak potential. Furthermore, cathodic peak current decreased with an
increase in the concentration of glucose. It indicates the electrooxidation of glucose at Ni-TiO>
nanocomposite foam electrode was a quasi-reversible electrochemical process [36, 37].

3.3 Application of the 3D Ni-TiO2 nanocomposite electrode in non-enzymatic glucose sensing

The simple fabrication procedure makes the as-prepared electrode an effective platform for the
amperometric determination of glucose. Importantly, the smaller background current with lower noise
observed at an applied optimized potential of 0.45 V and selected for glucose detection. Fig. 5(a)
shows the amperometric response of the 3D Ni-TiO, nanocomposite electrode towards the successive
stepwise addition of glucose in 0.1 M NaOH solution and homogeneously stirred condition.
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Figure 4. Cyclic voltammogramms of the Ni-TiO2> nanocomposite electrode in the presence of
various concentration of glucose (0.05, 0.15, 0.35, 0.65, 1.05mM) in 0.1M NaOH solution scan
rate at 200 mv s,
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Figure 5. (a) Amperometric response of the Ni-TiO2 nanocomposite foam electrode with successive
addition of glucose at 0.45V in 0.1M NaOH solution. (b) The corresponding calibration curve.
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A steady state current was achieved at less than seconds and a substantial steep increase in
current responses was obtained after each addition of 0.1 mM glucose solution. It was indicating that
the 3D Ni-TiO; electrode exhibits sensitive and rapid response characteristics. This might be due to the
fact that 3D interconnected porous structure provides low resistance and promote electron transfer to
reduce the response time. The corresponding calibration curve presented in Fig. 5(b) shows linear over
a concentration range from 0.1 to 0.8 mM of glucose with a correlation coefficient was 0.9937 and
limit of detection of 66 UM at a signal to noise ratio of 3. The sensitivity of the Ni-TiO2 nanocomposite
electrode was calculated to be 844.85 pJAmMM™ cm. This remarkable sensitivity is attributed to its
porous structure that enhances electrical and catalytic properties. Ni-TiO. nanocomposite electrode
showed higher electrocatalytic activity toward non-enzymatic glucose sensing in comparison with the
earlier reports as given in Table 2. [38-42]

Table 2. Comparison of Ni-TiO2 nanocomposite foam electrode with other reported modified
electrode for glucose sensors.

Electrode Electrode Method Sensitivity Linear range Reference
modifier HA mM™ cmr
2

GCE Ni(OH).NP/Chitosan Amperometry 72 0.5-10 mM 38

GCE Ni(OH)2/Au Amperometry  371.2 0.005-2.2mM 39

GCE NiO@ PPy/Au Amperometry  802.9 0.5-1.7mM 40

GCE Cu-NiO Amperometry  171.8 0.5uM-5mM 41

Ni foam NiO/CeO> Amperometry  154.4 1-2900 puM 42

Ni foam NiTiO2 Amperometry  844.85 0.05-0.8mM  Present work

nanocomposite

3.4 Interference test

While analyzing glucose in blood serum samples, uric acid (UA), dopamine (DA), and ascorbic
acid (AA) may interfere with the detection of glucose. The normal physiological level of glucose in
blood serum is around 3-7 mM which is much higher when compared to the concentration of
interfering species. Thus, the interference test was carried out with a 0.1 mM and 0.5 mM of glucose
and fixed concentration of 0.1 mM for interfering species and followed the experimental details as in
section 3.3. As shown in Fig. 6, the current response was negligible for UA, DA and AA after adding
0.5 mM of glucose. It indicates the Ni-TiO2 nanocomposite electrode has good selectivity towards the
detection of glucose even in presence of other interferences.
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Figure 6. Interference test of the Ni-TiO, nanocomposite foam upon the successive injection of
glucose and possible interfering species at 0.45V in 0.1M NaOH solution.

3.5 Real sample analysis
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Figure 7. Amperometric current response of the Ni-TiO2 nanocomposite foam in the presence of
various concentration of glucose followed by blood serum samples at 0.45V in 0.1M NaOH

solution.

To evaluate the ability of the sensor for routine analysis, determination of glucose in human
blood serum samples was also performed on the 3D Ni-TiO2 nanocomposite electrode. Fig. 7 showed
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the amperometric response of Ni-TiO2 nanocomposite electrode toward 0.1 and 0.2 mM of standard
glucose followed by the alternative addition of human blood serum sample. 200 pL of blood serum
was added into 20 mL of 0.1 M NaOH electrolyte solution at 0.45 V and the current response was
successfully recoded. The recovery studies were presented in Table 3 which indicated that the
proposed sensor has a good sensing potential under the practical application.

Table 3. Glucose detection in blood serum samples

Glucose added Glucose found Recovery
Sample (miM) (mM)
Sample-1 0.055 0.0525 95.5%
Sample-2 0.055 0.0579 105.2%

4. CONCLUSIONS

In this study, the simple fabrication method of 3D Ni-TiO2 nanocomposite foam designed for
the electrochemical sensing of glucose was demonstrated. The SEM analysis showed that TiO:
nanoparticles decorated onto the Ni foam surface. It exhibits high sensitivity 844.85 pAmM™ cm2also
revealed excellent selectivity towards the detection of glucose. The use of this glucose sensor in human
blood serum has also been tested successfully.
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