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a  b  s  t  r  a  c  t

An  extraordinary  sensitive  and  selective  non-enzymatic  glucose  sensor  has  been  demonstrated  based  on
the electrochemically  highly  stable  NiO-TiO2 mixed  oxide  comprising  the  defect  induced  mesoporous
TiO2 nanoparticles  with  Ni2+ and  Ni3+ ions  scattered  on  the surface.  The  defects  on  TiO2 nanoparticles
have  been  successfully  introduced  using  NiO  to  investigate  the  interfacial  properties  between  NiO  and
TiO2.  This  defect  induced  interfacial  behavior  was  characterized  using  X-ray  diffraction,  X-ray  photoelec-
tron  spectroscopy  and  high-resolution  transmission  electron  microscopy  analyses.  The  obtained  mixed
oxide NiO-TiO2 nanocomposite  dispersion  was  drop  casted  on  glassy  carbon  electrode  to  form  a  NiO-
TiO2/GCE  modified  electrode  for  non-enzymatic  glucose  sensor.  The  defects  along  with  high  surface
area  of  mixed  oxide  enabled  excellent  electrocatalytic  activity  for glucose  oxidation  with  sensitivity  of

−1 −2
iO
odified electrode
lucose

24.85 �A mM cm and  detection  limit  of  0.7 �M (S/N  = 3).  The  Ni ions  scattered  on  the  surface  of  TiO2

nanoparticles,  enabling  effective  charge  transfer  process,  circumventing  the  agglomeration  during  pro-
longed  detection,  and  resulting  the  unprecedented  long-term  stability  and sensitivity.  Thus,  this  defect
induced  mesoporous  metal  oxide  nanocomposite  is an  outstanding  candidate  for  application  as redox
active  material  in  electrochemical  biosensors.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

As indicated by the World Health Organization (WHO), dia-
etes will be the 7th leading cause of death and is projected to
e double its value in the near future. Both Type I (insufficient

nsulin production) and Type II (incapability to use the insulin)
iabetes need to be served sufficient insulin externally to avoid

ncrease in the sugar level in the blood; otherwise failure to do

his would lead to damage of the kidneys, eyes, and the nerves
1–4]. Indeed, there are several approaches that have been devel-
ped and commercialized sensors to monitor the glucose level in

∗ Corresponding authors.
E-mail addresses: mnaushad@ksu.edu.sa (Mu. Naushad), fgracia@ing.uchile.cl

F. Gracia).

ttps://doi.org/10.1016/j.snb.2018.02.165
925-4005/© 2018 Elsevier B.V. All rights reserved.
the blood [5,6]. However, non-enzymatic sensors allow glucose to
be oxidized directly on the electrode surface and show superior
sensing ability and stability compared to enzymatic counterparts
as the latter develop thick enzymatic layer on their surface which
prohibits the fast electron transfer. Moreover, the non-enzymatic
glucose sensors have led to overcome number of limitations that
enzymatic sensors have suffered including effects from the oper-
ating conditions such as temperature and humidity, and shorter
lifetime due to denaturation of enzyme activity [7–10]. Therefore,
numerous research studies have focused on the non-enzymatic glu-
cose sensors, including those exploring the use of nanomaterials
with engineered morphology because of their fast response time

and operational stability, which in turn determine the long-term
performance of the modified electrode.

Nanostructured titanium dioxide (TiO2), a well-known metal
oxide semiconductor, has gained significant attention due to its

https://doi.org/10.1016/j.snb.2018.02.165
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.02.165&domain=pdf
mailto:mnaushad@ksu.edu.sa
mailto:fgracia@ing.uchile.cl
https://doi.org/10.1016/j.snb.2018.02.165
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ow cost, non-toxicity, biocompatibility, and high surface area
ith large number of active sites for various photocatalytic and

lectrochemical applications [11,12]. Apart from photocatalytic
pplications, numerous efforts have also been devoted towards the
abrication of nanostructured TiO2 for other functions, including
he synthesis of electrochemical sensors [13–15]. In general, the
lectrochemical properties of TiO2 are strongly dependent on mor-
hology, porosity, crystallinity, and dopant elements. Nevertheless,
he utilization of pure TiO2 in electrochemical applications as sen-
ors has been limited because it hinders the fast electrochemical
esponse towards analytes due to its wide bandgap (3.2 eV). Hence,
o explore fast electrochemical response, TiO2 based nanocompos-
tes are selected as electrode platform in the present investigation.

The modification of electrodes with various redox-active metal
xides such as NiO, CuO and CoO is widely explored for non-
nzymatic glucose sensing because the active metal center,
specially when the oxide is available with large surface areas,
enerates more redox-active sites in alkaline medium which is
ritical for electrocatalytic reactions [16–18]. A few investigations
ave been carried out to explore the catalytic behavior of TiO2
anocomposites incorporating metal oxides for non-enzymatic
lucose oxidation. Long et al. [19] studied the design of helical
iO2 nanotube arrays modified with Cu2O. Luo et al. modified the
iO2 with CuO [20]. Yang et al. [21] reported the electrochemical
eposition of Cu-Cu2O based nanocomposites on TiO2 surfaces. The
esulting nanocomposite exhibited better analytical performance
n presence of redox metal oxides when compared to pristine TiO2
anoparticles. Recently, Suneesh et al. [22] and Guo et al. [23]
eported the enhanced electrochemical behavior of glucose oxi-
ation by using Co-Cu alloy and Ni/CdS nanocomposites decorated
iO2 nanotubes/nanowires, respectively. However, to exploit the
lectrocatalytic activity of TiO2 based nanocomposites, the selec-
ion of dopant redox active metal oxide is of vital importance for
lucose sensing.

Among the noble metal and transition metal oxides, NiO has
eceived extensive attention as it has been recognized as an
ffective and inexpensive electrocatalyst. However, NiO-based
on-enzymatic glucose sensors have low durability due to grad-
al detachment and dissolution of the catalyst from the substrate.

n this respect, many studies have recently been focused on the
odification of NiO with different substrate materials such as

raphene, SiC, and TiO2 nanostructures to ascertain long-term
tability [24–26]. Though the latter materials have extended the
tability to some extent compared to pure NiO, they still pos-
ess relatively low sensitivity and insufficient stability because of
gglomeration of particles on the substrate surface. Consequently,
he present work aims at improving the selectivity and long-term
tability of non-enzymatic glucose sensor by fabricating NiO-TiO2
n glassy carbon electrode (GCE). In this work, for the first time,
e have synthesized defect induced mesoporous (Ni2+/Ni3+)-TiO2
anocomposite by combined sol-gel method and thermal decom-
osition via vapor to solid route to overcome the possible particle
gglomeration and dissolution of NiO for prolonged glucose oxida-
ion.

. Experimental section

.1. Chemicals and materials

Titanium tetra isopropoxide (TTIP), isopropyl alcohol, citric acid,
nd nickel acetate were purchased from Sigma-Aldrich. D-Glucose

nd sodium hydroxide were received from Sisco Research Labo-
atories, India. All other reagents and solvents were of analytical
rade and used as received unless otherwise specified. For electro-
hemical measurements, the supporting electrolyte of 0.1 M was
tuators B 264 (2018) 27–37

prepared using NaOH. All solutions used in the experiments were
prepared with Milli-Q water.

2.2. Preparation of mesoporous TiO2 nanoparticles

The colloidal mixtures were prepared through 30 mL  of TTIP
solution dissolved in 150 mL  of isopropyl alcohol (1:5 ratio) under
continuous stirring condition at 600 rpm. An aqueous solution con-
taining 0.5 M citric acid was  slowly added into the colloidal mixture,
and allowed to stir continuously for few minutes until it became in
gel form. The obtained white gel was dried at 150 ◦C for 30 min  to
form a pre-synthesized TiO2 powder. Finally, the pre-synthesized
TiO2 powder was calcined at 450 ◦C for 1 h to provide mesoporous
TiO2 nanoparticles.

2.3. Preparation of mesoporous NiO-TiO2 nanocomposite
particles

A required amount of pre-synthesized TiO2 powder (obtained
from previous step) was ground with nickel acetate (9:1) mixture
for ∼3 h using agate pestle and mortar. The powder raw mixture
was calcined in a muffle furnace at 450 ◦C for 1 h. During this heat-
ing process, the mixed raw materials were slowly decomposed
and thus the water and acetate content vaporized. After cool-
ing down, the vaporized particles slowly condensed in a crucible
(substrate), hence the defects on the surface of the crucible (sub-
strate) served as locations for nucleation of the oxide vapors [27].
Further cooling to room temperature, the condensation process
allowed such nuclei to grow into mesoporous NiO-TiO2 nanoparti-
cles. The obtained NiO-TiO2 nanoparticles were examined by X-ray
fluorescence (XRF) and the results revealed that TiO2 and NiO
nanoparticles co-existed as 95.5:4.5 ratio in the prepared meso-
porous NiO-TiO2 nanocomposite.

2.4. Instrumentation

X-ray diffractometer (XRD, D5000 diffractometer, Siemens,
USA) with CuK�1 (� = 1.5406 Å) radiation and operated at 40 kV
and 30 mA was employed to determine the crystalline nature and
structure of the materials. The hybrid structure and morphology
of the materials were examined using a high-resolution transmis-
sion electron microscope (HR-TEM), using FEI TITAN G2  80-300
(operated at 300 keV) along with EDS. The chemical composition
of the samples was analyzed using X-ray fluorescence (XRF, EDX-
720, Shimadzu). X-ray photoelectron spectroscopy (XPS) analysis
using a Thermo Scientific Escalab 250Xi instrument was performed
to determine the oxidation state of the prepared materials. The
mesoporosity and the specific surface area of the materials were
calculated using the BET equation on adsorption-desorption data
obtained from a Micromeritics ASAP 2020 (USA) porosimeter. The
electrochemical experiments were performed using CHI760E elec-
trochemical workstation (CH Instruments, Austin, Texas). All the
electrochemical measurements were carried out with a conven-
tional three electrode system using glassy carbon electrode (GCE)
of 3 mm diameter with 0.0707 cm2 geometric area as working elec-
trode, a platinum coil as the auxiliary electrode, and saturated
Ag/AgCl (3 M KCl) as the reference electrode against which all
potentials in this paper are reported.

2.5. Fabrication of NiO-TiO2/GCE

Initially, GCE surface was carefully polished with increasing

grades of alumina powder (1.0, 0.3 and 0.05 �m)  and then it
was further cleaned ultrasonically with ethanol and Milli-Q water
mixture (1:1) to remove the traces of alumina and other contami-
nants. Subsequently, 10 �L of NiO-TiO2 dispersion (1 mg/200 �L in
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thanol) was drop-cast on the pre-cleaned GCE surface and allowed
o dry in air under ambient conditions. After drying, the NiO-
iO2/GCE modified electrode was washed with water and finally
ried under N2 stream. For comparison, NiO/GCE and TiO2/GCE
lectrodes were also prepared by adopting similar fabrication
rocedures to compare the electrochemical performance towards
lucose.

. Results and discussion

In this study, the new combination of sol-gel and ther-
al  decomposition methods was utilized to prepare the defect

nduced NiO-TiO2 nanocomposite by vapor to a solid mechanism.
he prepared mesoporous material was examined by different
haracterization techniques to identify the particle composition,
tructure, shape, phase, and size of the composite material.

The formation of phase purity and structure of the pure TiO2
nd defect induced NiO-TiO2 (Ni2+/Ni3+) mixed oxide materials
ere examined by XRD analysis and their corresponding diffrac-

ion peaks are presented in Fig. 1(a). The entire diffraction spectrum
f pure TiO2 was scrutinized by TOPAS Rietveld refinement and
he details are in supporting information (Fig. SI 1). The refine-

ent results show that the prepared pure TiO2 exhibits anatase
etragonal structure with a goodness of fit (GOF) value of 1.26. The
alculated crystallite size for TiO2 is 18.1 nm and the lattice parame-
er values with a = 3.791 Å and c = 9.508 Å; the diffraction spectrum
f TiO2 is well matched with JCPDS card no: 21-1272.

The accumulation of NiO into TiO2 material does not affect
he anatase tetragonal structure of TiO2. However, a new peak is
resent at 2� of 43.18◦ which is highlighted in Fig. 1(a). This peak
orresponds to 200 plane of cubic NiO material (JCPDS No: 47-
049). The refinement results (Supporting Information-Fig. SI 2)
eveal the formation of mixed structures and their lattice param-
ter values show the presence of tetragonal TiO2 (a = 3.797 Å and

 = 9.522 Å) along with cubic NiO (a = 4.190 Å) with a GOF of 1.30.
urther, the refinement results specify that a small amount of amor-
hous material exists in this mixed material. As shown in Fig. 1b,
he major diffraction peak of 101 plane at 2� = 25.28◦ of NiO-TiO2

ixed oxide exhibits more broadening and slightly diverges into
he higher angle than pristine TiO2 (2�  = 25.11◦). This suggests that

any interfaces exist in the mixed structure due to the distribu-
ion of Ni2+ (0.72 Å) ions into the Ti4+ (0.68 Å) surfaces [28–30]. The
rystallite sizes were calculated to be 18.2 nm for TiO2 and 7.3 nm
or NiO in the mixed system. Hence, the XRD results confirmed that
he prepared nanocomposite material possesses hybrid structure.

The chemical composition and oxidation states of species in the
repared hybrid oxide material were studied by XPS. Fig. 2(a) shows
he survey spectrum of the synthesized mixed oxide sample reveal-
ng the presence of Ti, Ni, O and C elements. The HR-XPS (Fig. 2(b))
hows two prominent Ti 2p3/2 and Ti 2p1/2 peaks at 462.4 eV and
56.7 eV with the energy difference of 5.7 eV. The results show that
he peaks at 463.7 and 458.0 eV are shifted to lower binding ener-
ies in comparison with pristine TiO2 nanoparticles (Supporting
nformation-Fig. SI 3). Because the NiO nanoparticles are well dis-
ributed on the TiO2 surface or create some defects in TiO2 in the

ixed system, this enhances surface unsaturation which leads to
owering the binding energies. This is in agreement with the previ-
us reports [31–35]. The deconvoluted HR-XPS peaks of Ni 2p3/2
nd Ni 2p1/2 are shown in Fig. 2(c). The binding energies of Ni
eaks indicate that the integrated peaks split into Ni2+, Ni3+ and
oexist with Shirley shake up or satellite peaks. This observation

uggests that surface unsaturation properties lead to formation of
oth defects and more interface between NiO and TiO2 materials,
hich lead to the formation of amorphous Ni2O3. In such case,

t is more favorable to promote Ni3+ ions into the mixed states
tuators B 264 (2018) 27–37 29

[31,36]. As illustrated in Fig. 2(d), the deconvoluted spectrum of
O 1 s in the mixed oxide evidences the four fragmented oxygen
peaks at 529.2, 529.8, 530.9 and 531.3 eV. The predominant peak
observed at 529.2 eV is attributed to Ti4+ ions; the oxygen peak at
529.8 eV is attributed to surface hydroxyl, while the peaks at 530.9
and 531.3 eV are attributed to oxygen bonded with Ni2+ and Ni3+,
respectively [31–36]. Therefore, the XPS spectra confirm that the
synthesized sample contains Ti4+, Ni3+, and Ni2+ ions.

The presence of defects in the mixed structure and its inter-
face was  investigated by TEM, HAADF, SAED and HR-TEM analyses.
The TEM image of the prepared NiO-TiO2 is shown in Fig. 3a. The
image visibly indicates the presence of large spherical shaped TiO2
nanoparticles with an average diameter around ∼18 nm along with
small NiO spherical particles and within the size between 6–8 nm.
The small shaped NiO particles are well scattered on the TiO2
surface rather than being segregated or decorated and therefore
the samples possess mesoporous nature which was confirmed by
HAADF (Fig. 3b) image. These effective interfaces and the uniform
scattering of NiO nanoparticles had altered the electronic struc-
ture and the surface interfaces of NiO-TiO2 mixed oxide [36–41].
The SAED pattern (Fig. 3c) of the prepared NiO-TiO2 visualizes that
there are numerous electron diffraction rings. The ring pattern was
indexed with calculated d-spacing values and their consistent hkl
planes are denoted in the image. The outcome was matched with
the tetragonal structure of TiO2 (JCPDS No: 71-1167) and cubic
structure of NiO material (JCPDS No: 75-0197).

The HR-TEM image of prepared NiO-TiO2 material shows more
line dislocation or linear defect which is highlighted by the circle
mark as displayed in Fig. 3d. During the synthesis of NiO-TiO2, the
condensation process between NiO and TiO2 stimulates the sur-
face unsaturation leading to more defects on the material. [36–41].
The d-spacing values obtained from the HR-TEM (Fig. 3e) confirm
the tetragonal structure of anatase TiO2 with corresponding lattice
plane (004), and cubic NiO with (200) and (111) planes. It is clearly
seen that the close surveillance of the HR-TEM images (Fig. 3e & f)
revealed unclear edges which corresponds to the amorphous region
of particles. The corresponding selected area electron diffraction
(SAED) pattern (Fig. 3g) also confirms the presence of amorphous
portion. Besides, the unclear or amorphous portion obtained from
the HR-TEM images represents Ni3+ state in the mixed oxide and
a similar argument has been made in accordance with the results
obtained by XRD and XPS analyses. Hence, the as-prepared mixed
oxide (NiO-TiO2) material contains both line defects and amor-
phous nickel oxide in the form of Ni3+ and Ni2+ ions.

Textural properties such as pore volume, pore size, and spe-
cific surface area of the synthesized materials were determined by
BJH and BET methods. As depicted in Fig. 4, the resulted nitrogen
(N2) adsorption-desorption isotherm of the mixed oxide directs H3
type hysteresis pattern. The surface parameters of prepared pure
and mixed oxide materials are presented in supporting informa-
tion (Table SI 4). When compared with the pure system, the mixed
oxide material shows large pores which were formed due to the
thermal decomposition of the raw materials. In other words, the
condensation followed by the nucleation processes during thermal
decomposition induced the mesoporosity on the surface of NiO-
TiO2 [42,43]. Navarro et al. stated that growth of novel phase metal
oxides with low molecular volume takes place during thermal
decomposition route. This permits the development of mesoporous
materials; for example, the transformation of calcite to mesoporous
CaO is achieved by this method [43].

3.1. Electrochemical characterization of the modified electrode
To compare the conductivity and interface properties of the
modified GCE obtained by drop casting of NiO-TiO2, pure NiO and
TiO2 dispersion on the GCE surface at different steps during fabrica-
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Fig. 1. (a) XRD patterns of the prepared materials and (b) major diffraction (101) peak of TiO2 in the prepared materials.
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Fig. 2. XPS spectrum of the prepared NiO-TiO2 mixed

ion, we employed electrochemical impedance spectroscopy (EIS)
n presence of 2 mM [Fe(CN)6]3/4− containing 0.1 M KCl. In general,
he Nyquist plot shows a large semicircle at the higher frequencies
nd a straight line at lower frequencies corresponding to electron

ransfer limited and diffusion controlled electrochemical processes,
espectively. The charge transfer resistance (Rct) is calculated from
he diameter of the semicircle observed from higher frequencies.
s observed from Fig. 5a, TiO2/GCE exhibits a larger Rct (2185 �),
 material (a) survey, (b) Ti 2p, (c) Ni 2p, and (d) O 1s.

suggesting that the presence of TiO2 nanostructures on modified
GCE hinders the electron transfer between the redox probe and
the electrode surface due to the high semi-conducing properties of
TiO2. On the contrary, the NiO/TiO2 on the modified GC shows the

lowest Rct value (1371 �)  with an evidence of smaller semicircle
diameter than that of bare GC (2062 �) and NiO coated GC (1852 �).
Indeed, the formation of defects on the TiO2 surface by NiO signifi-
cantly improves the surface properties between TiO2 and NiO, and



S. Rajendran et al. / Sensors and Actuators B 264 (2018) 27–37 31

F DF im
u

t
w
w

e
e
p
G
t
t
q
p
N

ig. 3. (a) TEM spectrum of the prepared NiO-TiO2 mixed oxide material, (b) HAA
nclear  or amorphous region.

hus enabling rapid transport of electrons to the electrode surface,
hich in turn results in decent redox behavior when compared
ith pure TiO2 system.

The electrochemical performance of these different modified
lectrodes were investigated by cyclic voltammetry (CV) in pres-
nce of 0.1 M NaOH at a scan rate of 50 mV  s−1 and the results are
resented in Fig. 5b. The electrochemical response for both bare
CE and TiO2/GCE did not display any inherent redox response due

o the absence of redox active species. It is interesting to note that

he mesoporous NiO-TiO2/GCE has shown a pair of well-defined
uasi-reversible redox peaks with Epa = 0.489 V; Epc = 0.405 V and
eak-peak separation (�Ep) of 84 mV,  which are assigned to
i3+/Ni2+ redox couple in presence of NaOH electrolyte. For com-
age, (c) SAED of the polycrystalline region, (d–f) HR-TEM images and (g) SAED of

parison, NiO nanoparticles cast over GC were also subjected to
cyclic voltammetry analysis and the corresponding voltammogram
shows a pair of redox peaks with Epa = 0.462 V; Epc = 0.357 V and
�Ep = 105 mV.

The appearance of well-resolved quasi-reversible redox peaks
for both NiO/GCE and NiO-TiO/GCE is due to the surface oxidation of
NiO to Ni(OH)2, followed by further oxidation to NiOOH. This results
in the occurrence of faradaic reactions between NiOx/Ni(OH)x and
NiOOH at the electrode surface. Unlike other modified electrodes

studied, the NiO-TiO2/GCE shows higher peak current response
and less peak-peak separation. These results indicate the defect-
induced mesoporous TiO2 avails more number of accessible active
sites for fast electron transfer.
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Fig. 4. Nitrogen adsorption-desorption isotherm of the prepared materials.

Fig. 5. (a) Nyquist plot of TiO2/GCE, NiO/GCE and NiO-TiO2/GCE modified electrodes
recorded in presence of 2 mM [Fe(CN)6]3−/4− containing 0.1 M KCl electrolyte. The
EIS  response for bare GCE is represented as inset. (b) CVs for bare GCE, TiO2/GCE,
NiO/GCE and NiO-TiO2/GCE in presence of 0.1 M NaOH at 50 mV s−1.

Fig. 6. Cyclic voltammograms of NiO-TiO2/GCE modified electrode in presence of

0.1 M NaOH at increasing scan rates from 5 mV s−1 to 200 mV s−1. The corresponding
anodic peak current and cathodic peak current as a function of square root of the
scan rate are shown in the inset.

To examine the nature of electrochemical process at the elec-
trode surface, NiO-TiO2/GC electrode was subjected to CV at a
different scan rates ranging from 5 mV  s−1 to 200 mV  s−1 as pre-
sented in Fig. 6. Both anodic and cathodic peak currents increase
as a scan rate increases revealing that the redox behavior of NiO-
TiO2/GCE possesses a linear relationship with square root of scan
rate (Fig. 6 (inset)), which suggests a diffusion-confined electro-
chemical process. The above finding signifies the role of Ni2+/3+

ions on the mixed oxide and show NiO-TiO2 possesses excellent
properties for the electrocatalytic oxidation of glucose.

3.2. Non-enzymatic electrocatalytic oxidation and amperometric
determination of glucose

To determine the non-enzymatic glucose oxidation at differ-
ent modified electrodes, CVs were recorded at bare GCE, TiO2/GCE,
NiO/GCE and NiO-TiO2/GCE in presence of 1 mM glucose contain-
ing 0.1 M NaOH at a scan rate of 50 mV s−1. As shown in Fig. 7a, bare
GCE and TiO2/GCE did not show any significant catalytic response
for glucose oxidation when the potential sweep was  performed
within the potential range from 0 V to + 0.62 V. On  the other hand,
NiO/GCE exhibited significant enhancement in anodic peak cur-
rent intensity confirming the glucose oxidation. The anodic peak
current intensity further increased drastically along with a shift in
anodic peak potential for NiO-TiO2/GCE at the same glucose con-
centration confirming the mediator behavior of Ni2+/Ni3+ redox
couple. The drastic enhancement in glucose oxidation at Epa = 0.5 V
with higher anodic peak current is attributed to the involvement
of NiOOH. Therefore the electrocatalytic mechanism can be further
explained as follows: Ni2+ is electrochemically oxidized to Ni3+ in
presence of NaOH, followed by the oxidation of glucose to gluco-
lactone by Ni3+ which is further reduced to Ni2+ at the electrode
surface [44,45]. The anodic peak current response at NiO-TiO2/GCE
shows greater enhancement of about 2.3 fold than that of NiO/GCE
which is attributed to the defect-induced mesoporous surface along
with large surface area resulting to more effective glucose oxi-
dation. Although the pristine TiO2 possess large surface area, the

absence of redox active sites leads to the no catalytic activity of glu-
cose. Based on the high performance of NiO-TiO2/GCE, we further
explored the electrocatalytic behavior of this material at different
glucose concentrations.
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Fig. 7. (a) CVs of different modified electrodes namely bare GCE, TiO2/GCE, NiO/GCE
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Fig. 8. (a) Amperometric responses for TiO2/GCE, NiO/GCE and NiO-TiO2/GCE upon
nd NiO-TiO2/GCE in presence of 1 mM glucose containing 0.1 M NaOH. (b) CV
esponses for NiO-TiO2/GCE for successive addition of 0.2 mM glucose in presence
f  0.1 M NaOH. Scan rate: 50 mV s−1.

Fig. 7b depicts the electrocatalytic oxidation of glucose upon
uccessive additions of 0.2 mM glucose in presence of 0.1 M NaOH.
t can be observed that the anodic peak current of NiO-TiO2/GCE
ncreases gradually upon every addition of glucose demonstrating
he electrocatalytic oxidation of glucose. Interestingly, the anodic
eak current increased linearly with increase in concentration of
he glucose which inspired us to develop an amperometric sensor
or determination of glucose.

To evaluate the analytical performance of enzyme free glu-
ose sensors, amperometric measurements were carried out at
iO2/GCE, NiO/GCE and NiO-TiO2/GCE with increasing concentra-
ion of glucose towards electrochemical oxidation of glucose. By
olding the operating potential at 0.5 V, the amperometric response
f the modified electrode (Fig. 8a) was monitored at 50 s inter-
als by addition of glucose into a stirring solution containing
.1 M NaOH. The amperometric behavior of NiO-TiO2/GCE shows
 step-wise and rapid increase in oxidation current in compar-
son with NiO/GCE and TiO2/GCE upon each addition of glucose
nd attained 95% of well-defined steady state current within 3 s.
his rapid increase in the oxidation current response observed
successive addition of glucose to a stirring solution containing 0.1 M NaOH. Applied
Potential: 0.5 V. (b) The corresponding calibration plot for the determination of
glucose.

at NiO-TiO2/GCE can be attributed to the mesoporous network
of NiO interfacing with TiO2 nanostructures and the presence of
linear defects in nanostructured NiO-TiO2. The calibration curve
of glucose sensor (Fig. 8b) shows a linear dependence on glu-
cose concentration in the range from 2 �M to 2 mM.  The detection
limit and sensitivity for NiO-TiO2/GCE modified electrode were
calculated as 0.7 �M (S/N = 3) and 24.85 �A mM−1 cm−2, respec-
tively. The obtained operating potential, linear range, sensitivity
and detection limit values are comparable with or better than those
of the reported NiO and TiO2 based non-enzymatic glucose sensors
(Table 1).

3.3. Non-enzymatic stability, reproducibility and
anti-interference studies

The operational stability of the modified electrode was evalu-
ated by recording CVs for 50 consecutive cycles at NiO-TiO2/GCE

within the potential range from 0 to 0.62 V in presence of 0.1 M
NaOH at a scan rate of 50 mV  s−1. As shown in Fig. 9a, the modi-
fied electrode exhibits an extraordinary stability with no obvious
change in redox peak current or potential. Therefore, the proposed
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Table  1
Electrochemical performance of various non-enzymatic glucose sensors.

Electrodes Potential (V) Linear Range Sensitivity LOD (�M)  Ref.

Ti/TiO2 nanotube array/Ni 0.55 10–110 �M 200 �A mM−1 cm−2 4 [46]
Cu2O/TiO2 nanotube array 0.65 3.0–9.0 mM 14.56 �A mM−1 cm−2 62 [19]
CuO/TiO2 0.5 up to 2.0 mM 79.79 �A mM−1 cm−2 1 [20]
3D-KSCs/ZnO-NiO 0.5 0.013–4.86 mM 448.6 �A mM−1 cm−2 4.12 [47]
Ag@NiO NWs/GCE 0.6 Up to 1.28 mM 67.51 �A mM−1 cm−2 1.01 [48]
Ag&Pt-TiO2 – 30–180 mM 3.99 �A mM−1 cm−2 22.6 [49]
Cu-Cu2O/TiO2 0.65 0.1–2.5 mM 4895 �A mM−1 cm−2 8.6 [50]
NiO-TiO2 0.52 0.005–12.1 252 �A mM−1 cm−2 1.0 [51]
Ni/NiTiO3/TiO2 nanotube 0.4 0.005–0.5 438.4 �A mM−1 cm−2 0.7 [52]
Ti@TiO2/Ni 0.55 0.005–9 114.0 �A mM−1 cm−2 1 [53]
NiO/C-Ti 0.41 0.002–2.6 mM 582.6 �A mM−1 cm−2 2 [54]
Ni(OH)2/TiOxCy 0.7 0.02–1.7 120 �A mM−1 5 [53]
NiO-TiO2/GCE 0.5 0.002–2.0 mM 24.85 �A mM−1 cm−2 0.7 This work

Fig. 9. (a) Cyclic voltammograms of NiO-TiO2/GCE for continuous 50 cycles in presence of 0.1 M NaOH at a scan rate of 50 mV s−1. The plot of day-day response for NiO-
TiO2/GCE in presence of 1 mM glucose is shown in inset. (b) The behavior of reproducibility for five different NiO-TiO2/GCE. (c) Amperometric response for determination
of  interference species namely uric acid (UA), paracetamol (PA), ascorbic acid (AA), dopamine (DA), NaCl, KCl and serum at NiO-TiO /GCE in presence of 0.1 M glucose (Glu)
u

N
l
t
o
f
r
r
e
p
t
t
T
a
b
d
r
e
t
o
2
T

o
m
o
s
a
0
t
i

nder  stirring 0.1 M NaOH. Applied potential: 0.5 V.

iO-TiO2/GCE revealed good operational stability. Furthermore,
ong-term stability of NiO-TiO2/GCE was examined by measuring
he response of modified electrode in presence of 1 mM glucose
ver the period of 30 days at each interval of 3 days. As observed
rom Fig. 9a. (Inset), NiO-TiO2/GCE retained its electrochemical
esponse in presence of glucose for 6 days and reached 94% of its
esponse at the end of 30 days, exhibiting long-term stability. The
lectrochemical results obtained in this study indicate that our
romising strategy to create defects on the TiO2 nanoparticles and
he formation of Ni3+ ions in the matrix synergistically improved
he chemical stability of the modified electrode in basic solution.
he unique structure of as-prepared NiO-TiO2 shields the NiO from
gglomeration, deformation of particles from electrode surface and
reakdown of structure integrity over the longer period of time,
emonstrating the prolonged glucose oxidation. To evaluate the
eproducibility of modified electrode, five different NiO-TiO2/GCE
lectrodes were fabricated independently under the same condi-
ions and their electrocatalytic oxidation was examined in presence
f 1 mM glucose (Fig. 9b). A relative standard deviation (R.S.D) of
.4% was obtained, demonstrating a good reproducibility of NiO-
iO2/GCE modified electrode.

Eliminating the possible interference species during selective
xidation of glucose is one of the major challenges in the develop-
ent of successful electrochemical glucose sensors. The selectivity

f NiO-TiO2/GCE was investigated using amperometry by adding
everal oxidizable species such as uric acid, paracetamol, ascorbic

cid, dopamine and chloride ions (i.e., from NaCl and KCl) into a
.1 M NaOH solution containing glucose. It can be seen from Fig. 9c.
hat the amperometric response is negligible or shows no change
n the anodic current response by adding an aliquot of 0.5 mM of
2

each interferent species such as uric acid, paracetamol, ascorbic
acid, dopamine, NaCl, KCl and 40 �M glucose free serum samples.
It is well known that normal blood glucose level in humans is in the
range between 4 mM and 7 mM,  which is at least ten times higher
than the concentrations of these interference species; therefore
these feeble current response can be considered as negligible. Irre-
spective of interference species or their concentrations in the NaOH
solution, a rapid increase in anodic current obtained by adding
0.1 mM glucose into the solution suggests that the foreign species
did not alter the glucose oxidation even at higher concentrations
used. These results show that NiO-TiO2/GCE exhibits good selec-
tivity and promising properties for determination of glucose in real
samples.

Subsequently, NiO-TiO2/GCE modified electrode was utilized for
determination of glucose in human serum samples by implement-
ing standard addition method. The human serum samples with the
known glucose concentration of 5.1 mM were obtained from hos-
pitalized patients. From the as-obtained serum samples, 1 mL of
sample was  diluted by adding 9 mL of 0.1 M NaOH followed by spik-
ing of 0.5 and 1 mM known glucose concentration into the diluted
solution. The amperometric experiments were carried out to inves-
tigate the glucose oxidation at NiO-TiO2/GCE modified electrode.
The concentration of the glucose in the human serum was  deter-
mined and the values agreed well with the amperometric standard
calibration curve. Each measurement was  repeated three times and
the RSD value was  found to be less than 3% indicating the good pre-

cision of the proposed modified electrode. As seen in Table. 2, the
obtained recovery values for the modified electrode are in the range
from 98.6% to 99.3%. Hence, the proposed NiO-TiO2/GCE modified
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Table  2
Analysis of glucose in human serum.

Sample Spiked (mM)  Found (mM) Recovery (%) RSDa (%)

Human
Serum

0 0.50 – –
0.50 0.986 98.6 2.78
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1.50 1.490 99.3 2.62

a Three replicates were performed.

lectrode provides a good platform for accurate determination of
lucose in real samples.

. Conclusion

This study introduces the defect-induced NiO-TiO2 mixed oxide
anoparticles comprising Ni3+ ions for the selective detection of
lucose. The outperformed electrochemical results indicate that
ur promising strategy generates defect on TiO2 nanoparticles with
he formation of Ni3+ ions in the matrix, which makes synergistic
mprovement in the sensitivity, response time, selectivity, relia-
ility, and durability of the modified electrode in basic solution.
his study demonstrates the detection limit and sensitivity for
iO-TiO2/GCE modified electrode were about 0.7 �M (S/N = 3) and
4.85 �A mM−1 cm−2, respectively. The analytical application of
iO-TiO2/GCE towards the determination of human serum sam-
les has been successfully demonstrated and the obtained recovery
alues are in the range between 98.6 to 99.3%. Thus our finding is
ertainly beneficial to broaden the perspective of glucose biosens-
ng applications.
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